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Summary

The subcontract covered a period of fifteen months (Oct/98 to Jan/99) and the objectives were
several fold (see pg 5), but the emphasis was on work with the so-called “adapted” variant of
recombinant Zymomonas 39676:pZB4L. This strain was isolated at NREL from a long-term (5
month) continuous fermentation operating at pH 5.75 and a dilution rate of 0.03/h in which the
amount of detoxified (overlimed) hardwood (yellow poplar) dilute-acid prehydrolysate was
increased incrementally to a level of 50% (0.75% wiv acetic acid). The level of xylose and glucose
was kept constant at 4% (w/v) and 0.8%, respectively; these sugar concentrations reflect the
composition of the undiluted hardwood prehydrolysate (Lawford ez al., Appl. Biochem.
Biotechnol. 70-72, 353, 1998).

The work performed as part of this subcontract has been described previously in the
context of the following:

(i) 8 Technical Progress Reports (Sept/98 - Dec/98)

(i)  Papers #75 and #76 - 20th Symposium on Biotechnology (May, 1998)
{Published in Appl. Biochem. Biotechnol. 77-79, 1999}

(iii) Seminar presented at NREL, March 2, 1998

In addition to the above, the continuous fermentation work with the adapted strain is the
subject of a paper being presented at the 21st Symposium on Biotechnology (May, 1999)

The objectives for this work are listed at the end of this Summary (see pg 5). The work involved
pH-controlled batch, fed-batch and continuous fermentations using bench-scale bioreactors.
Although the focus was on the “adapted” strain, direct comparisons were made in side-by-side
fermentations to other NREL recombinant Zm strains, including CP4:pZB5 and the non-adapted
39676:pZB4L. In the absence of dilute-acid hydrolysate, pure sugar synthetic prehydrolysate
media were used to assess growth and fermentation performance as a function of (i) nutrient
composition of the medium, (ii) the ratio of sugars (glucose to xylose), (iii) the effect of acetic
acid, and (iv) the effect of ethanol. The fact that prehydrolysate was not used in this work is
viewed by us as a major limitation to strain characterization and one which significantly
compromises any conclusions regarding possible strain superiority in terms of commercial
potential since the “real” test could not be performed.

In batch fermentations with a nutrient-rich yeast extract-based medium and glucose as the sole
sugar, both the cell mass concentration and the rate of glucose utilization were slower with the
adapted strain compared to the other recombinants. With xylose as sole sugar, growth and
fermentation were slower with the adapted variant compared to the other strains. Fermentation
performance by all three recombinants was very similar in the synthetic prehydrolysate medium
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containing 4% xylose and 0.8% glucose (without acetic acid) - the batch fermentation being
complete in about 24h with a sugar-to-ethanol conversion efficiency of 95%. In media containing
acetic acid (range 0.2-1% w/v) at pH 5.75-6.0, the rate of xylose utilization is considerably faster
with CP4:pZBS5 than 39676:pZB4L. The adapted strain exhibited a rate which is intermediate
between the other recombinants. Growth and fermentation were improved in acetic acid media
when higher “pitching” was employed (ie. use of larger inoculum).

In previous work, the fermentation media routinely contained a ratio of xylose to glucose of 5:1

which is a characteristic of NREL’s dilute-acid hardwood prehydrolysate - the total sugar
concentration being 4.8% (w/v). However, not all feedstocks have the same sugar composition and
this study revealed the importance of the sugar ratio with respect to the rate of xylose conversion.
There are several factors which impact on the sugar ratio effect. Although both sugars can be used
simultaneously by recombinant Zymomonas, because of the nature of the sugar transport system,

there is an apparent preference for glucose over xylose. Furthermore, the transport characteristics
of the adapted strain appear to differ from the other recombinants. This study showed that at higher
levels of glucose relative to xylose, xylose utilization is delayed. However, because the growth
yield from glucose is higher than from xylose, an increased amount of glucose results in a higher
cell density and this counters the competitive transport effect. Also growth on glucose is less
inhibited by acetic acid than growth on xylose. At higher sugar loadings (ca 10-12%), ethanol can
be a factor since xylose conversion is more sensitive to ethanol inhibition. This work showed that,

in batch fermentations at high sugar loading, xylose utilization was halted at ethanol concentrations
in the range 55-60 g/L. In fermentations where the sugar loading was about 5% (w/v), the rate of
xylose conversion was significantly slower at xylose to glucose mass ratio <3:1. This has practical
implications in terms of feedstocks such as corn stover hydrolysate where the xylose to glucose
ratio is inversed or about 0.3:1

This work extended previous studies on the capacity of comn steep liquor (CSL) to satisfy the
nutritional requirements of recombinant Zymomonas. To facilitate turbidity measurements, this
study employed 1% (v/v) clarified CSL, but in term of N content, whole slurry CSL is nutritionally
equivalent on a mass basis. This level of CSL is adequate for robust growth and cofermentation by
rec Zm at sugar loading of about 5%. The nutritionally effectiveness of whole CSL (increasing
available N) can be improved by hydrolyzing the protein. The cost of CSL is a driver for seeking
either a reduction in the amount used or an alternative cost-effective nutrient source. Both the
adapted and CP4:pZB5 recombinants performed better than the 39676:pZB4L in a medium
containing 0.25% cCSL + 0.12% DAP and 0.4% acetic acid (pH 5.75). Although tap water can
provide many of the important inorganic elements, magnesium supplementation appears to be
important. At NREL’s current cost for CSL of 6¢/Ib, the cost of nutrients using only whole CSL at
1% (w/v) would be about 8¢/gal ethanol. This cost would be reduced to about 6.6¢/gal for 0.25%
CSL where DAP and Mg were also added.
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In continuous fermentations with the adapted strain, media with 1% cCSL produced almost
identical fermentation performance relative to the bench-mark nutrient-rich YE-based medium. At
the sugare loadings used (4.8% total sugars) 1% CSL seemed to satisfy the nutritional requirement
with the cell mass being less than 2 gDCM/L. The CSL-based media were prepared using distilled
water and a complete salts supplement (“Z salts™) could be replaced by magnesium (range 1.5-
2mM). However, this level of Mg supplementation would not be necessary in an industrial setting
where non-deionized water would be used. The adapted strain performed equally well in media
containing either 4% xylose + 0.8% glucose or 3% xylose + 1.8% glucose. With these two media,
the pattern of steady-state cell mass and effluent xylose concentrations as a function of dilution rate
were virtually superimposable. The maximum growth yield was about 0.032 gDCM/ g sugars and
the maintenance energy coefficient (m) was 0.11 and 0.4 g sugar/g cell/h in the standard nutrient-
rich medium and 1% CSL medium, respectively. The apparent uncoupling effect of CSL (ie.
increased m value) has been observed in previous work. Under these conditions the adapted strain
behaved in a similar fashion to the parent strain 39676:pZB4L (Fig. D-20, Final Report, 1997).
However, these values for both growth yield and maintenance energy differ somewhat from those
quoted for a continuous fermentation conducted at NREL with the parent strain 39676:pZB4L
using a 1%cCSL medium and 4% xylose + 0.8% glucose (19th Symposium paper published in
ABAB, 70-72, 353-367). All these are within the range of values for Zymomonas in the literature.

At a constant dilution rate of 0.04/h (ie. residence time of about 1 day) the volumetric productivity
for 4% X + 0.8% G and the 3%X + 1.8% G CSL-based media was 0.78 and 0.82 g ethanol/L/h,
respectively. When 0.4% (w/v) acetic acid was added to these two different feed media, the
productivity decreased slightly to 0.67 and 0.74 g ethanol/L/h, respectively. With 0.4% acetic acid
at pH 5.75, there was about 10-15% reduction in productivity and the level of effluent xylose was
independent of the sugar ratio of the medium. The presence of 0.4% acetic acid at pH 5.75 did not
alter the near theoretical metabolic vield 0.48 g ethanol/g sugars used (94% ); however, the process
conversion efficiency was only 80% due to the elevated level of unfermented xylose.

In the case of the medium containing 4% xylose + 0.8% glucose. 0.4% acetic acid at the
permissible pH of 5.75 caused the growth yield to decrease to 0.023 while the m value was
increased only slightly to 0.54. In the case of the medium containing 3% xylose + 1.8% glucose,
the same amount of acetic acid (0.4% at pH 5.75) did not alter the growth yield; however, the m
value was doubled from 0.46 to 1.0 g sugar/ g cell’h

Using a 1% cCSL-based medium containing 3% xylose and 1.8% glucose at pH 5.75, the addition
of 1.2% wiv) ethanol to the feed did not alter the continuous fermentation performance of the
adapted strain in terms of the level of exit xylose as a function of D; however, the combination
0.2% acetic acid and 1.2% ethanol resulted in much higher effluent xylose levels at d values
0.04/h -to 0.06/h. It appears that ethanol exacerbates the inhibitory effect of acetic acid at the levels
and conditions tested.
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A factor in this work which mitigates very strongly against the certainty or validity of any
conclusions regarding either strain performance superiority or the effects produced by alterations to
media composition (eg sugar ratio or amount of potential inhibitory substances) as these relate to
the stated objectives is the persistent lack of reproducibility of repeat experiments especially at
higher sugar loadings >4.8% (w/v). Examples of experimental variation in batch fermentations are
highlighted in Table 6. One possible explanation for the observed deviations is strain variation and
the present procedures used for stock culture maintenance can not rule out this possibility. Time
did not permit an analysis of this phenomenon of apparent non-reproducibity but the physiological
state of the inoculum was identified as being important. In continuous fermentations, the start up is
an important period and the time that flow is initiated relative to the level of residual xylose,
appears to be critical. I repeat experiments, very different patterns with respect to effluent xylose
were observed. The cell density of the batch culture prior to starting the continuous fermentation is
another factor that was identified as being important and the amount of growth promoting glucose
appears to play a key role here.

All continuous fermentations involved antibiotic in the medium for maintenance of the plasmid-
bearing recombinant and consequently to ensure xylose fermentation. However, the use of
antibiotics will not likely be permissible in the context of large-scale operations for several reasons.
Therefore, NREL’s recent announcement heralding the advent of the chromosomally integrated
construct is particularly timely. Future work will need to ensure that this new entry into the
competition for a place in the commercial production of fuel ethanol from biomass meets the
performance criteria already established by its predecessors.

Finally, the continuous fermentation work with the adapted strain will be the subject of a
presentation at the upcoming 2/st Symposium on Biotechnology for Fuels and Chemicals (Fort
Collins, CO - May 2-6, 1999). This paper which will be submitted to Humana Press for
publication in Applied Biochemistry and Biotechnology will detail aspects of this work that are not
covered in this Report. Furthermore, a second paper is contemplated that will deal with interesting
comparative aspects of the bioenergetics of xylose and glucose metabolism by recombinant Zm
CP4:pZBS5 (Abstract submitted to 21st Symposium).

Objectives as per the s/c SOW are listed on following page
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OBJECTIVES

(1)  *SOW Task 2.
To verify batch fermentation performance of NREL's “adapted” rZ
39676pZB4L strain under standard conditions and to confirm the
sufficiency of 2%(v/v) cCSL to support effective fermentation
performance.

(2)  Extension Task 3
To conduct batch fermentations to examine the effect of glucose
on the rate of xylose utilization for concentrations of xylose in the
range 4%-8%. These experiments will include the use of acetic
acid containing media over the pH 5 to pH 6 range.

(3)  Extension Task 4
To conduct batch fermentations to examine the requirement for
medium supplementation (requirement for DAP and/or Mg) with
reduced level of CSL.

(4) SOW Task 3
To characterize performance in continuous culture of various feed
sugar ratios as a function of dilution rate over the operating range
of 0.04 - 0.10 h-1. \

(5) SOW Task 4
To assess the effect of acetic acid on chemostat performance
using two feed sugar and two acetic acid concentrations.

(6) SOW Task 5
To assess the effect of ethanol on chemostat performance using
two feed sugar ratios and to assess the effect of ethanol on media
containing 0.2%(w/v) acetic acid.

*SOW Task 1 = QA/QC

{as per Statement of Work - 09/29/97 and modified Statement of Work(extension) - 07/23/98}
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MATERIALS AND METHODS

Organisms

The recombinant Zymomonas mobilis (strain ATCC 39676 carrying the plasmid pZB4L) (Zhang
et al.,1995) and the adapted strain Z. mobilis ATCC 39676pZB4L were received from A.
Mohagheghi (NREL, Golden, CO, USA) in Nov, 1997.

Long-term storage/maintenance of organism

Plasmid-bearing cultures, grown from single colony isolates on selective agar medium (xylose +
tetracycline), were stored at -70°C in RM medium supplemented with antifreeze (glycerol at
15ml/dl). The phenotypic characteristics of the recombinant culture were related to growth in the
presence of tetracycline and the production of ethanol from D-xylose. Cultures were generally
revived in RM medium that contained 2% (w/v) glucose and 2% (w/v) xylose .

Fermentation equipment

Batch fermentations were conducted in 2L MultiGen stirred-tank bioreactors (Model F2000, New
Brunswick Scientific, Edison, NJ) fitted with agitation (100 RPM), pH, and temperature control
(30°C). The working volume was 1500 ml and the pH was controlled by the addition 4N KOH
(NBS model pH-40 controller). Continuous fermentations were conducted with 750mL MultiGen
bioreactors (Model F1000, New Brunswick Scientific, Edison, NJ) or 2L BioFlo bioreactors
(Model BioFlo 2000, New Brunswick Scientific, Edison, NJ). The working volume of the
chemostats was about 350 mL or 1500mL. Steady-state was assumed only after a minimum of
three volumes had exchanged and when samples taken on successive days gave similar values with
substrate and product concentrations. In all fermentations the amount of pre-culture (‘inoculum”)
added was sufficient to produce an ODggonm reading (1 cm light path) of 0.2-0.25 (equivalent to an

initial cell density of approximately 60-75 mg dry cell mass/L).

Methods of pre-culture and inoculation procedures

A 1ml aliquot of a glycerol preserved culture was removed from cold storage (freezer) and
transferred to about 100 ml of complex medium (RM), containing about 2% (w/v) xylose and 2%
(wiv) glucose supplemented with tetracycline (Tc) (1 Omg/L), in 125 ml screw-cap flasks and grown
statically overnight at 30°C in an incubator (GCA/Precision Scientific Group,Model 4EG). This
pre-seed culture was transferred to inocula flasks containing RM, 2% glucose & 2% xylose and
Tc and were also grown statically overnight at 30°C in an incubator. The inocula flasks were used
at a level of ~10%(v/v) to inoculate the fermentations.
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Fermentation media

The composition of the different media used in this study are described in Table 1. Bacto Yeast
Extract (YE) and Bacto Tryptone were obtained from Difco Laboratories (Detroit, MI). Other
chemicals were laboratory-grade purity. For comparative purposes, the nutrient-rich, complex
culture medium described by Goodman et al. (1982) was used as the “bench mark” or reference
standard. This medium is commonly referred to as “RM” (Table 1). A medium containing less
YE, supplemented with Zymo salts, designated as “ZM” was also used (Table 1). The com
steep liquor (CSL) medium consisted of autoclaved tap water (TW) or distilled H?20

supplemented with corn steep liquor (¢cCSL) (diluted 1:4 with distilled H2O and then

centrifugally clarified) which was added at the time of inoculation. This procedure was adopted
because it was observed that autoclaving the CSL resulted in a precipitate forming which
interfered in accurate cell mass determinations. Consequently it was decided to add non-sterile
¢CSL at the beginning of fermentation. Because of the relative short term nature of these batch
fermentations and the rate of inoculation, problems caused by contamination were not
anticipated to occur. For longer-term chemostat operations, the CSL media were autoclaved.

A synthetic “biomass prehydrolyzate” (BPH) was formulated to model the composition of the
NREL hardwood dilute-acid prehydrolyzate (Table 1). The synthetic BPH medium was made with
distilled water and contained 4% (w/v) xylose, 0.8% (w/v) glucose and 0 - 0.75% (w/v) acetic acid;
it was nutritionally supplemented with either RM components or CSL. All media contained 10mg/L
tetracycline. All media were sterilised by autoclaving at 121°C for 30-45 minutes. Stock sugar
solutions were autoclaved separately. Tetracycline was added to the sterilised medium after
cooling.

Analytical procedures

Growth was measured turbidometrically at 600nm (1cm lightpath) (Unicam spectrophotometer,
model SP1800). In all cases the blank cuvette contained distilled water. Dry cell mass (DCM -
often referred to by microbial physiologists as “biomass™) was determined by microfiltration of an
aliquot of culture followed by washing and drying of the filter to constant weight under an infrared
heat lamp. It was found that 1 OD corresponded (on average) to 0.3 gDCM/L. Compositional
analyses of fermentation media and cell-free spent media was accomplished by HPLC with a RI
monitor and computer-interfaced controller/integrator (Bio-Rad Labs, Richmond, CA). Separations
were performed at 65°C using an HPX-87H column (300 x 7.8mm) (Bio-Rad Labs, Richmond,
CA). The mobile phase was 0.005M sulphuric acid (flow rate = 0.6ml/min.) and the injection
volume was 0.02 ml. Standards for D-xylose, DL-lithium lactate, and potassium acetate were
prepared from research grade chemicals using a micro balance and diluting with distilled water
using a volumetric flask. D-glucose and ethanol standards were purchased from Sigma (Sigma
Chemical Co., St.Louis, MO) The xylose standard was 2% (w/v) and all others were about 1%
(w/v). These standards were run on a routine basis (ie. for each batch of samples analysed).
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Table 1

Zymomonas media formulations

Medium Designation

Ingredient (g) RM « ZM1* ZM cCSL LocCSL
Yeast Extract (Difco) 10.0 3.0 5.0
¢CSL (mL) 50 12.5
NHz4 Cl - 0.8 0.8 - -
(NH4 )2 HPO4 (DAP) - - - - 1.23
KH2PO4 2.0 3.48 3.48 3.48 3.48
MgS04. 7TH2 O - 1.0 1.0 1.0 1.0
FeS04.7H20 - 0.01 0.01 0.01 0.01
Citric acid - 0.21 0.21 0.21 0.21
Distilled water (L) 1 1 1 1 1

Clarified CSL (¢cCSL) = CSL diluted 1:4, centrifuged and filter sterilzed

« Goodman et al. (1982) Appl. Environ. Microbiol., 44(2): 496-498

* Lawford (1988) Appl. Biochem. Biotechnol., 17: 203-209

Analysis for nitrogen content of CSL and cell mass

The corn steep liquor used in this work was supplied by NREL (GPC Muscatine,JA). Assays for
total nitrogen (Kjeldahl) were performed on samples of whole and clarified CSL (Table 2) and the
cell mass of the recombinant (MicroChem Labs, Toronto). The average total nitrogen content of the

recombinant Zm cell mass was 13.6% (db).

Determination of growth and fermentation parameters

The mass-based cell yield (obs. Yy/s, where s = sugar) was calculated by dividing the maximum

dry cell mass concentration (DCM/L) by the mass concentration of sugar used to achieve the

maximum culture density.
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Unless stated otherwise, the ethanol (product) yield (Y p/s) was calculated as the mass of ethanol

produced (final concentration) per mass of sugar added to the medium and was not corrected either
for the dilution caused by the addition of alkali during the fermentation or for the contribution from
fermentable components other than xylose and glucose.

In general, the average volumetric rate of xylose utilization (av Qg xyl) was determined by dividing

the initial sugar concentration by the total time required to achieve complete depletion of sugar from
the medium. The maximum volumetric rate of sugar utilization (max Q) was estimated from the

maximum slope in plots of sugar concentration versus elapsed fermentation time. The
corresponding values of volumetric productivity (Qp and max Qp) were calculated by multiplying

the values of Qg and max Q; by Yy, respectively.

Carbon balancing and determination of %C recovery

Carbon balances were calculated as described previously (Lawford and Rousseau, 1992 and
1993). The amount of carbon (C) in the sugar added (as carbon and energy source) and end-
products is presented as milliequivalents C (MW divided by number of carbons). For cell mass,
meqC was détermined as the dry wt. cells divided by 0.0246 (Lawford and Rousseau, 1993).

Carbon dioxide was not determined directly but was estimated by assuming that 1 mole CO, was

produced per mole of ethanol. For the purpose of carbon balancing, the elemental composition of
the cell mass was considered to be constant with a molecular weight of 24.6 g/mol. The carbon
content was assumed to 48.7% and the N content was 13.6%. Apart from cell mass, the major

end-products were ethanol and CO.
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Table 2

Composition of Corn Steep Liquor

Composition cCSL(1/5) wCSL cCSL(1/5)  wCSL
Batch date 8/97 8/97 7/98 7/98
Density 1.035 1.15 1.025 1.12
Percent Solids (w/w) 9.9 47.5 9.5 42.5
Insolubles (% db) ND 22.1 ND ND
Protein (% db) 41.8 40.8 432 43.1
Total Kjeldahl N x 6.25
Lactic acid (% db) 9.5 10.5 11.8 14.4
Vol. Total N (gN/mL) 0.0069 0.0357 0.0068 0.0328
Corn Steep Liquor (CSL) sample supplied by NREL(Golden,Colorado)
wCSL = whole CSL; cCSL = centrifugally clarified CSL
% db = percent dry basis; ND = not determined
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Set-up of NEW Fermentation Equipment (NBS Bioflo 2000)

e §
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New NBS Bioflo 2000 fermentors operating in continuous flow mode
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Bio-engineering laboratory - NBS bench top bioreactors

Left: two new NBS Bioflo 2000 units used for continuous fermentations

Right: NBS MultiGen model F2000 used for batch fermentations
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NBS Bioflo 2000 operating as a chemostat

Note: effluent is pumped out and this design may contribute to less wall growth.
Slow feed rates are achieved with the (red) Watson Marlow pump (shown to left)
The working volume is 1500mL.
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NBS C30 Bioflo - set up for continuous fermentations
Vessel has sidearm overflow and working volume of 350 mL
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Left NBS C30 Chemostat

Constant volume is maintained by
sidearm overflow which tends to
become occluded by cell mass - this
design also has a tendency to prmote
wall growth unless the agitation is high

Below A close up of the vessel
showing wall growth (particularly
apparent as a ring of cell mass at the
liquid-gas interface) after several days
of continuous operation at dilution rate
of 0.04/h
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RESULTS

and

DISCUSSION

This section is presented in Parts 1 - 6
(see Table of Contents)
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PART 1

This part of the work relates toTask #2 of the Statement of Work. The objective was to verify batch
fermentation performance of NREL’s “adapted” 1Z 39676pZB4L strain under standard conditions
and to confirm the sufficiency of 2%(v/v) cCSL to support effective fermentation performance.

This work has already been described in the following contexts:
(i)  Technical Progress Report #2 (Figs 1.- 4)
(i) 20th Symposium Paper #76 - see Appendix L (Figs2 - 5)

Generating the “adapted” variant of rec Zm 39676:pZB4L

Tn Phase I of this subcontract (1997) we described the cofermentation performance characteristics
of recombinant Zymomonas 39676:pZB4L in pH-controlled STR bioreactors using synthetic
hardwood prehydrolysate media containing pure sugars and acetic acid. Because of the presence of
toxic byproducts that are produced during dilute acid-catalyzed hemicellulose hydrolysis, even
conditioned prehydrolysates tend to be recalcitrant to fermentation.

The selective pressure exerted on an organism within the controlled growth environment of the
continuous flow bioreactor (chemostat) is a powerful research tool for effecting strain improvement
through a process of acclimation or adaptation that takes place during the long-term exposure to
gradually increasing levels of an inhibitory substance(s).

In generating the strain used in this work the selective pressure provided by the continuous growth
environment of the chemostat was exploited to achieve strain improvement through the process of
“adaptation” that takes place during the long-term exposure of the biocatalyst to incremental
increases in the amount of prehydrolysate in the feed medium. At the beginning of this strain
improvement experiment (conducted at NREL) the CSL-based medium contained 10% (v/v) dilute
acid-catalyzed yellow poplar prehydrolysate (with pure sugar supplementation to achieve glucose
and xylose levels of 0.8% w/v and 4% w/v, respectively). These sugar concentrations were
selected because they were similar to the concentrations in full strength hydrolysate liquors
obtained by dilute acid pretreatment of hardwood (yellow poplar) sawdust. Batch fermentations
had shown that 30% hydrolysate significantly inhibited fermentation performance of the
recombinant; however, at the 10% level, performance was not inhibited. The culture that was
isolated at the termination of this long-term (149 days) experiment was designated as the “adapted”
variant of rec Zm 39676:pZB4L. This hardwood prehydrolysate-adapted strain is the focus of the
present work and is referred to as the “adapted” strain.
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Comparison of batch cofermentation performance “adapted” variant and non-
adapted recombinant 39676:pZB4L in pH-stat STR bioreactors

Batch fermentations with glucose as sole fermentable sugar

The experiment shown in Fig. 1-1, where 4.8% (w/v) glucose was the sole sugar component ofa
nutrient-rich medium (designated as “ZM” - see Materials & Methods), revealed an idiosyncrasy of
the “adapted” strain - namely that growth (both rate and yield - Fig 1-1A) and metabolism of
glucose (Fig. 1-1B) is slower than with the non-adapted parent culture 39676:pZB4L. This
difference might be attributable to changes in the membrane sugar transporter. It is generally
believed that the same transporter is responsible for the uptake of both glucose and xylose in
Zymomonas.

Batch fermentations with xylose as sole sngar component

These experiments were performed because it seemed plausible that a characteristic of the adapted
culture, in addition to acetic acid tolerance might be an improved capacity per se to utilize xylose.
We had observed that in the standard medium (ie. 4% xylose + 0.8% glucose), glucose is utilized
more slowly by the adapted strain. We felt that the presence of glucose in the medium might mask
any difference in the rate of xylose utilization by the adapted strain. However, Fig. 1-2A shows
that growth of the adapted strain in 4% xylose-ZM medium is slower than the parent strain and that
the growth yield of the adapted strain is also lower. The final cell mass concentration of the parent
strain was 0.68 gDCM/L compared to 0.56 for the adapted strain (Fig. 1-2A). Cell mass
production for the adapted strain was further reduced to 0.40 in the 1% (v/v) ¢cCSL medium. Partial
replacement of the cCSL by inorganic N resulted in a further lowering of the cell density to 0.19
gDCM/L (Fig. 1-2A). Since it is likely that the energy yield or Y A1P associated with xylose

metabolism is less than for glucose, it is not surprising that the growth yield is reduced in a
medium where amino N is replaced by inorganic N since more energy would be required to
assimilate the latter N source. The pattern of xylose utilization shown in Fig. 1-2B is not simply a
reflection of the differences in growth shown in Fig 1-2A. Of particular note is the faster rate of
xylose utilization achieved by the adapted strain in the 1% ¢CSL medium compared to the nutrient-
richer ZM medium (Fig. 1-2B). This suggests that CSL has an “uncoupling” effect such that
metabolism proceeds faster than growth in the CSL medium. This phenomenon has been observed
previously in this lab both with E. coli and Zymomonas.

Growth and fermentation with synthetic prehydrolysate media (4%X + 0.8%G)

Figure 1-3 compares the growth and cofermentation performance of rec Zm 39676:pZB4L and
adapted variant in batch fermentation using a pure sugar nutrient-rich synthetic prehydrolyzate
medium with the pH controlled at 5.75. The mineral salts and yeast extract-based (“ZM”) medium
contained 4% (w/v) xylose and 0.8% (w/v) glucose, but no acetic acid. Under this condition, the
performance exhibited by the two strains was remarkably similar (Fig. 1-3). Although the adapted
strain produced a lower final culture turbidity (Fig. 1-3A), the final cell mass concentrations were
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similar (Table 3). One possible distinguishing feature of the adapted strain revealed in Fig. 1-3B
was the apparent slower rate of glucose utilization (see also Fig 1-1) Under these assay conditions
(ie. pure sugars - either singly or together), any difference between the two strains was not
expected since the medium did not contain any inhibitory substances (principally acetic acid) to
which the adapted strain might have become less sensitive.

Comparative cofermentation performance in acetic acid-containing media

Since the adapted strain was isolated from a chemostat that was operating with a feed containing
50% (v/v) prehydrolysate (0.75% wiv acetic acid), it seemed reasonable to assume that altered
sensitivity to acetic acid inhibition might be one way to characterise the adapted strain. In previous
work we showed the acetic acid sensitivity of rec Zm 39676:pZB4L and showed that 0.4% acetic
acid caused a 50% inhibition of growth and cofermentation. Using a CSL-based synthetic
prehydrolysate medium containing 0.4% (w/v) acetic acid, the adapted and non-adapted
recombinants were compared in pH-stat batch fermentations where the pH was controlled at 5.0,
5.5 or 6.0 (Fig. 1-4). At all three pH values the adapted strain outperformed the non-adapted
recombinant with respect to both growth and xylose fermentation; however, the ethanol yield
remained close to theoretical maximum for both strains independent of the pH (Fig. 1-4, Table 3).
The highest ethanol productivity (0.61 o/L/h) was achieved by the adapted strain at pH 6 (Fig. 1-4,
Table 3).

Figure 1-5 compares the growth and fermentation performance at pH 6 using the same medium,
but with the acetic acid concentration increased to 1% (w/v). At this relatively high level of acetic
acid, the adapted strain achieved a slightly higher cell mass concentration (Fig. 1-5A); however,
the rate of xylose utilization was significantly faster with the adapted strain relative to the non-
adapted strain (Fig. 1-5B). For both strains the ethanol vield (based on sugar consumed) was
0.48g/g (conversion efficiency of 94% theoretical maximum) (Table 3). In the context of rec Zm
strain specificity with respect to acetic acid sensitivity, it is interesting to note that our previous
work with rec Zm CP4:pZB5 indicates that it possibly rivals the adapted strain in terms of
resistance to acetic inhibition.

Comparative fermentation performance of parent and adapted cultures in acetic
acid containing ZM medium at pH 6.0

The nutrient-rich “ZM?” medium containing 4% xylose and 0.8% glucose was used to test the effect
of acetic acid (0.4% and 0.75% w/v) on the non-adapted and adapted rZm cultures. For media
containing acetic acid, the pH was controlled at 6.0 rather than at 5.75. Figure 1-6 shows the
results of the fermentation series designated as B120.
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Table 3 Summary of growth and fermentation parameters

Maximum Maximum  Ethanol Ethanol

pH Acetic acid Cell Mass Ethanol Yield Productivity
% (WV) (g DCMA) (gL) {(g/9) (g EtOH/L/n)

Non-adapted recombinant |

5.75* 0 1.38 23.6 0.48 0.79

5.0 0.4 0.73 24.0 0.49 (0.35)

55 0.4 0.96 24.9 0.50 0.44

6.0 0.4 1.06 242 049 0.48

6.0 1.0 0.63 15.8 0.48 (0.22)
“adapted” recombinant

5.75* 0 1.34 23.6 0.48 0.90

5.0 0.4 0.88 24.8 0.50 0.51

55 0.4 1.04 24.2 0.50 0.55

6.0 0.4 1.18 24.3 0.49 0.61

6.0 1.0 0.72 21.2 0.48 (0.29)

* The medium was “ZM” with 4% (w/v) xylose and 0.8% (w/v) glucose. All other fermentations
were with 1% (viv) clarified CSL-based media (see Materials & Methods) with the same sugar
concentrations.

Brackets around values for Ethanol Productivity indicate that xylose utilization was incomplete
when batch fermentation was terminated
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The values of the maximum cell mass concentrations are given in Table 3B. Fig. 1-6A shows that,
in ZM medium in the absence of acetic acid (“control”), the parent and adapted strains display very
similar patterns with respect to xylose utilization, although as was observed for the CSL medium,
the rate of glucose utilization is slower for the adapted culture (Fig. 1-6). At both levels of acetic
acid tested (ie. 0.4% and 0.75% wiv), the rate of xylose utilization was significantly faster with the
adapted strain - finishing more than 10h ahead of the parent culture.

Effect of acetic acid on the performance of the ‘adapted’ rZm in c¢CSL media

Clarified CSL media containing 4% xylose and 0.8% glucose were used to test the effect of acetic
acid (0.4%, 0.75% and 1.0% w/v) on the ‘adapted’ strain. Figure 1-7 shows the results of the
fermentation series designated as B119. The values of the maximum cell mass concentrations are
given in Table 3B. In 1% ¢CSL medium at pH 6.0 the rate of xylose utilization by the adapted
strain is very similar with either 0.4% or 0.75% acetic acid with complete utilization of the 4%
xylose at 48h (Fig. 1-7A). At 1.0% w/v acetic acid, it takers about 72h to utilize the 4% xylose in
the CSL medium (Fig. 1-7A). However, most notable in this series of fermentations is expt B119d
in which the level of ¢cCSL was reduced 4-fold without any detrimental affect on the rate of xylose
utilization with 0.4% acetic acid in the diammonium phosphate fortified medium (Fig. 1-7B).
Hence, it appears that CSL reduction is feasible in an acetic acid-containing medium.

Comparative fermentation performance of parent and adapted cultures in CSL
media

Figure 1-8 (expt B118) is representative of several experiments that were performed (see Table 3B
for values for final cell mass concentrations). The trajectories for sugar utilization for the parent
and adapted strains are shown in Fig. 1-8A and 1-8B, respectively. In the 1% cCSL medium both
cultures show almost identical patterns of growth and rate of xylose consumption; however, the
adapted strain displays a slower rate of glucose utilization in the mixed sugar media. It is
conceivable that this pattern of sugar utilization is a reflection of differences in the affinity
characteristics of the sugar transporter in these two cultures. By far the most notable difference in
the behaviour of these two strains was observed when the level of cCSL was reduced 4-fold from
1% (v/v) to 0.25% and the medium was fortified with 1.23g/L diammonium phosphate (DAP) to
compensate for the decreased level of assimilable N (Fig. 1-8). This level of DAP by itself is
sufficient to support approx. 2 gDCM/L based on 13% N in cell mass (eg. see Table 8 of Final
Technical Report for s/c AAP-4-11195-03 Aug 30/95). It appears that the adapted strain utilizes
xylose at a faster specific rate in a medium of this formulation. Therefore, using the adapted strain,
the concept of CSL reduction seems feasible Since the cost of CSL has been shown to have a
significant ecomonic impact, this observation is of particular importance.
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Table 3B Maximum cell mass concentration for recombinant
Zm 39676:pZB4L in different media

rec Zm 39676:pZB4L

“Adapted” 39676:pZB4L

Medium Composition (pH) M 1%CSL  0.25%CSL+N ZM 1%CSL 0.25%CSL + N
pH 5.75

4%X + 0.8%G 1.38 1.18 1.05 1.34 1.06 1.01

pH 6.0 { + acetic acid }

4%X + 0.8%G + 0.40% Ac 0.88 0.87  0.87 0.91
4%X + 0.8%G + 0.75% Ac 0.70 0.79  0.81

4%X + 0.8%G + 1.00% Ac 0.66

1. Values represent maximum cell mass concentrations as determined by ultrafiltration

2. Variation between different expt. batch series is believed to be due to the amount and
the physiological ‘state’ of the inoculum

3. “ZM” medium = 5¢/L YE + ZM salts (MgS0O4.7H20, 1.0g/L; FeSO4.7H20, 0.01g/L; citric acid,
0.21 g/L) + KHoPOy4, 3.48 g/L
4. Clarified CSL (cCSL) medium prepared with distilled water + ZM salts (see above)
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Fig. 1-1 Comparative performance of rec Zm 39676:pZB4L and “adapted” variant with
glucose as sole sugar source (A) Growth, and (B) glucose utilization and ethanol production.

The ZM medium contained 4.8% (w/v) glucose (no acetic acid); the pH was 5.75 and the
temperature was 30°C. The values for max dry cell mass concentration are shown in panel A

(ref: Fig. 3, 20th Symp. Paper #76 - Appl. Biochem. Biotechnol. 77-79 , 1999)
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Fig 1-2 Comparative growth and fermentation performance of rZm 39676:pZBAL
and the “adapted” variant in ZM and CSL media with 4% xylose as sole fermentable
sugar. Values for max cell mass are given in panel A

(ref: Fig. 1, Prog Report #2 - Feb. 4/98)
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Fig. 1-3 Comparative performance of rec Zm 39676:pZB4L and adapted variant in pH-stat
batch fermentation with a pure sugar nutrient-rich synthetic prehydrolysate medium (A)
Growth, and (B) sugar utilization and ethanol production. The ZM medium contained 4% (w/v)
xylose and 0.8% (w/v) glucose (no acetic acid); the pH was 5.75 and the temperature was 30°C.

The values for max dry cell mass concentration, ethanol yield and productivity are given in
Table 3

(ref: Fif. 2, 20th Symp. Paper #76 - Appl. Biochem. Biotechnol., 77-79, 1999)
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Fig 1-4  Effect of 0.4%

(wiv) acetic acid on rec Zm 39676:pZB4L and adapted variant in

batch fermentations as a function of pH (A) Growth, pH 5, (B) sugar utilization and ethanol
production, pH 5. (C) growth, pH 5.5, (D) sugar utilization and ethanol production, pH 5.5,
(E) growth, pH 6. (F) sugar utilization and ethanol production, pH 6. Symbols: O. non-
adapted rec Zm: », adapted recombinant. The mineral salts medium contained 1% (v/v) clarified
CSL with 4% (wiv) xylose and 0.8% (w'v) glucose. The values for max dry cell mass
concentration, yield and productivity are given in Table 3 (ref: Fig 4 - 20th Symp Paper #76)
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Fig. 1-5  Effect of 1% (w/v) acetic acid on rec Zm 39676:pZB4L and adapted variant in a
CSL-based pure sugar synthetic prehydrolyzate medium. (A) Growth, (B) sugar utilization
and ethanol production. The pH was 6 and the temperature was 30°C. The values for max
dry cell mass concentration, ethanol yield and productivity are given in Table 3

(ref: Fig. 5, 20th Symp. Paper #76 - Appl. Biochem. Biotechnol. 77-79, 1999)
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Fig. 1-6 Comparative fermentation performance of rZm 39676:pZB4L and the “adapted”
variant in 4% xylose + 0.8% glucose ZM medium with 0, 0.4%, and 0.75% (w/v) acetic

acid, at pH 6.0

(ref: Fig. 3, Prog Report #2 - Feb. 4/9%8)
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of ‘adapted’ rZm 39676:pZB4L in ¢cCSL media at pH 6.0
(ref: Fig. 4, Prog Report #2 - Feb. 4/98)
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PART 2

The work described in Part 2 is related to Task #3 as outlined in the Subcontract Extension of
October, 1998. The objective was to conduct batch fermentations to examine the effect of glucose
on the rate of xylose utilization for concentrations of xylose in the range 4%-8%. These
experiments will include the use of acetic acid containing media over the pH 5 to pH 6 range.

This work has already been described in the following contexts:
(i) Technical Progress Reports #5 (Figs 1 and 5) and #7 (Fig. 3)
(i) NREL Seminar (March 2, 1998) - see Fig. 1
(iif) 20th Symposium Paper #75 - see Appendix K (Figs 2, 3 and 5)

Effect of glucose supplementation on fermentation of 4% xylose + 0.4% acetate
by rec Zm CP4:pZB5

In previous work presented at the Nineteenth Symposium on Biotechnology (Colorado Springs,

1997), we showed the beneficial effect of glucose supplementation on the rate of xylose utilization
by rec Zm 39676:pZBA4L in acetic acid-containing synthetic prehydrolysate media. In this part of
the work we focused on another recombinant, namely CP4:pZB5 since we had demonstrated the
superior acetic acid tolerance of this recombinant. Figure 2-1 shows the effect of various levels of
glucose supplementation on the xylose fermentation performance of CP4:pZB35 using a 1% (v/v)
cCSL-based medium containing 4% (w/v) xylose and 0.4% acetic acid at pH 6.0. The medium
was prepared with distilled water and also was supplemented with 1.67mM magnesium sulfate
(see Part 3 for a discussion pertaining to the role of Mg supplementation with CSL-based media).
Fig. 2-1 shows that, under these assay conditions, 1.6% glucose appears optimal and that 2%
glucose retards both growth (yield) and productivity. The final cell mass concentrations and
ethanol productivities for this experiment are given in Table 4.

Fermentation of 6% xylose supplemented with different amounts of glucose

In this series of pH-stat batch fermentations, we explored the effect of increasing levels of glucose
supplementation of a medium containing 6% xylose. In the absence of glucose, the recombinant
grows relatively slowly (Fig 2-2A) and the final cell mass concentration is 0.74 g DCM/L (Table
4). Slow growth in the absence of glucose is a recognized characteristic of this recombinant, but it
was interesting to note that the final cell concentration with 6% xylose was very similar to what
was observed previously with either 2.5% (unpublished results) or 4% xylose. This phenomenon
of growth limitation cannot be explained in terms of nutrient limitation since the medium used was
mutrient rich and clearly capable of supporting higher cell mass concentrations than the limit of 0.74
achieved with xylose as the sole sugar and energy source. Hence the explanation of this
observation remains problematic. We have pursured this subject in a separate study on the
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energetics of glucose and xylose utilization by rec Zm to be presented at the 21st Symposium this
year.

Supplementation of the 6% xylose medium with glucose resulted in faster growth (Fig 2-2A)and a
final cell mass concentration that was proportional to the amount of glucose added (Table 4). In the
absence of glucose supplementation, about 1.5% xylose remained unconsumed when the
experiment was terminated at 72h, whereas all the xylose was completely consumed in 48h when
0.8% glucose was added to the 6% xylose medium (Fig. 2-2C). The rate of xylose utilization is
improved by the addition of 2% glucose to the medium; however, levels of glucose
supplementation >2% caused the time required for complete 6% xylose utilization to increase from
48h to >60h (Fig. 2-2C). In the case of supplementation at the level of 4% and 6% glucose, the
utilization of xylose may be initially retarded because of competitive inhibition of xylose uptake by
glucose. Fermentation of an equial amounts of xylose and glucose is discussed later in this section
(see Figs. 2-4 to 2-8).

Fermentation of 8% xylose supplemented with different amounts of glucose

In this series of pH-stat batch fermentations, we explored the effect of increasing levels of glucose
supplementation of a medium containing 8% xylose. We were interested to see if the same
enhancing effect of glucose on xylose utilization that had been observed with 6% xylose could be
achieved at higher levels of xylose.

Supplementation of the 8% xylose medium with 0.8%, 2% and 4% glucose resulted in
proportionately higher final cell mass concentrations (Fig. 2-3A, Table 4). With the addition of
0.8% glucose, 1.2% xylose remained unconsumed after 72h whereas with 2% glucose added to
the medium, the 8% xylose was completely fermented to ethanol (yield = 0.48¢g/¢) in 72h (Fig. 2-
3B). Increasing the amount of glucose from 2% to 3% (not shown) or 4% did not shorten the time
required for complete xylose utilization (Fig. 2-3B). With 4% glucose, the final ethanol
concentration was 5.7% (w/v) (Fig. 2-3C, Table 4) and this level of ethanol may have contributed
to a retardation of xylose utilization towards the end of the fermentation (Fig. 2-3B). It was
concluded that xylose utilization can be enhanced by means of glucose supplementation with the
level of 2% glucose producing the fastest utilization of the 8% xylose.

In another related experiment, that was part of a separate study (data not plotted), we observed that
a mixture of 4% xylose and 8% glucose was completely fermented in 60h with a final ethanol
concentration of 5.82% (w/v) and volumetric productivity of 0.97g/L/h (Table 4). With this mixture
the final cell density was 2.37 g DCM/L; the 8% glucose was completely fermented in 34h and the
4% xylose was completely utilized in 60h (Table 4). Like the experiment with the 8% xylose and
4% glucose (Fig. 2-3C), the relatively high level of ethanol generated from the 8% glucose and 4%
xylose medium may have protracted the time required to complete the fermentation by inhibitiing
xylose utilization in the final stages of the batch fermentation (50-60h) (results not shown).
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In the simultaneous cofermentation (SSCF) process design proposed by NREL the saccharification
of cellulose would provide a continuous supply of glucose to the ethanologenic biocatalyst. In
order to model this situation whereby the continuous supply of glucose might not be expected to
cause the same level of competitive inhibition of xylose uptake produced by the higher levels of
glucose supplementation previously tested, we performed a fed-batch experiment in which glucose
feeding was initiated after the 0.8% glucose had been consumed in batch mode. The feed reservoir
contained 4.85% (w/v) glucose and the feed rate was constant at 2ml/h over the period from 8h to
72h (Fig 2-3; open triangle symbol). In the fed-batch experiment, the level of glucose
supplementation was equivalent to 1.28% (w/v) (0.8% + 0.48%). Glucose feeding promoted
growth beyond the level observed with the standard BPH medium (Fig. 2-3A); the final cell mass
concentration was 1.66 ¢ DCM/L (Table 4). However, perhaps most significant was the
observation that the xylose utilization trajectories for the 2% glucose supplemented medium and the
fed-batch fermentation were very similar (Fig. 2-3B). In a previous study with recombinant Zm we
demonstrated the benefit of providing a continuous supply of glucose for xylose fermentation in
reducing the effect of inhibition by acetic acid. The results of the present work with the fed-batch
fermentation auger well for the performance of recombinant Zm in the simultaneous
saccharification cofermentation process for the production of cellulosic ethanol where the xylose
concentration is expected to be in the range 4 to 6%.

Fermentation of equal amounts of xylose and glucose

Fermentation of 6% sugar mixture by strains 39676:pZB4L and CP4:pZB5

For purposes of strain comparison, the experiment with CP4:pZB5 and 6% xylose+ 6% glucose
shown in Fig. 2-2 is also shown in Figure 2-4which also contains an experiment with the non-
adapted strain 39676:pZB4L. Under this condition, CP4:pZBS5 appears superior to 39676:pZB4L
by virtue of the faster fermentation of xylose. This may derive in part from the better growth
exhibited by CP4:pZB5 (Fig. 2-4A). With CP4:pZBS complete xylose utilization was achieved
after 62h (Fig.2-2B). The final ethanol concentration was 5.9% (w/v) (not shown), which
represents an ethanol yield of 0.49g/g or a sugar conversion efficiency of 96% of theoretical
maximum (Table 5). Our observations with CP4:pZB5 and the 6% sugar mixture are similar to
those reported by Peter Rogers et al. (1997) as shown in Fig. 2-3; however, whereas our
experiments were performed at pH 5.75, it was noted that their experiment was performed with the
pH controlled at 5.0 It is interesting to note that Rogers suggested that for this strain the maximum
ethanol concentration was probably about 55g/L (p305).
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Fermentation of 6.5% sugar mixture by different strains:
“adapted 39676:pZB4L, CP4:pZB5 and ZM4:pZBS5

At a sugar-to-ethanol conversion efficiency of 94% (equivalent to an ethanol yield of 0.48¢/¢g), the
expected yield of ethanol from a mixture of 6.5% xylose and 6.5% glucose is 6.24% (w/v) ethanol.
This level of ethanol is higher than had been observed in our previous experiments. It was not
known to what extent the pH might affect either the rate of xylose utilization or the final ethanol
concentration. Figure 2-6 compares the growth of the “adapted” variant and strain CP4:pZB5ina
6.5% mixture of xylose and glucose in a nutrient-rich medium at pH 5.0 and pH 5.75 (with and
without 0.4% acetic acid). Of particular note is the difference in growth at pH 5. Strain CP4:pZB5
seems much less affected by the change in pH than the non-adapted 39676:pZB4L (Fig. 2-6).
Figure 2-7 shows trajectories for sugar utilization for these same experiments with these two
recombinants. The values for ethanol yield and productivities are given in Table 5. Clearly, under
these assay conditions, strain CP4:pZB5 is superior to the “adaped” variant - this is especially
obvious when the medium contained 0.4% acetic acid (Fig 2-7).

With CP4:pZB5 the fermentation appeared to stall with a residual of about 1% xylose at pH 5.0
(Fig. 2-7B), when the ethanol concentration reached 5.5% (wv) after 32h (Table 5), whereas at pH
5.75, all the xylose was consumed and the ethanol concentration was 6.2% (w/v) after 48h (Table
5). These experiments suggest that, for this rec Zm strain, the upper limit concentration of ethanol,
at which xylose utilization is completely inhibited, is pH-dependent. The experiments leading to the
previously proposed limit of ethanol concentration of 5.5% by Rogers (1997) were performed at
pH 5.0.

Recently Joachimsthal ez al. (20th Symposium - ABAB, 1999, in press) reported that another
strain rec Zm 31821:pZB5 (also known as “ZM4:pZB5”) can completely ferment a mixture of
6.5% xylose and 6.5% glucose in 48h (at 30°C and pH 5.0) producing “in excess of 60g/L”; “the
yield based on sugars available was in excess of 90% of theoretical” (Abstract #10). Z. mobilis
ZM4 (ATCC 31821) is the subject of several patents and is claimed to be superior to other wild-
type strains with respect to several key process techno-ethanologenic traits. The volumetric ethanol
productivity of 1.25g/L/h exhibited by ZM4:pZB5 is similar to that observed in our present study
under similar experimental conditions and sugar loading (Table 5). Although it may well be that,
because of its pH optimum and ethanol tolerance, Z. mobilis ZM4 proves to be a more robust host
for pentose metabolic engineering, the present study points to the importance of making
performance comparisons under identical conditions since at pH 5.75 rec CP4:pZB5 appears to
perform as well as rec ZM4:pZB5 at pH 5 (Fig. 2-8).
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Experimental variation

Throughout this work (and in previous work with recombinant Zm) we have noted considerable
variation in duplicate experiments. Under certain conditions the variation is large and troublesome.
Table 6 is included to illustrate this variation in batch fermentations made under identical conditions
Table 6 shows the extremes in observations with respect to two important fermentation parameters
- for growth, the maximum cell mass concentration, and for productivity, the time taken for
complete sugar utilization for pure sugar nutrient-rich media of various sugar compositions. These
“extremes” are represented in Table 6 as “worst case” and “best case” observations for these
parameters. This non-reproduciblity is problematic and attempts to ascertain its origin ahve not
been successful. We have examined the physiological state of the inoculum (eg. log phase versus
staionary phase culture) but the results were equivocal. This variation seriously compromises strain
characterization and in comparative studies with different genotypes (genetic constructs) this
experimental variation makes it difficult to state with certainty the superior performance
characteristics of any particular recombinant relative to the others tested. This is viewed as a major
concern in this study and one that needs to be addressed in future work.
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Fig. 2-1 Effect of glucose on fermentation 4% xylose by rec Zm CP4:pZB35
(A) Growth, and (B) sugar utilization. The 1% c¢CSL + 1.67mM Mg medium
contained 4% (w/v) Xylose and glucose in the range 0.8% to 2.0% (w/v) plus 0.4%
acetic acid; the pH was 6.0 the temperature was 30°C. Values for ethanol yield and
productivity are given in Table 4.

(ref: Fig. 1, Prog Report #5 - Sept. 28/98)
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Fig. 2-2 Effect of glucose on fermentation 6% xylose by rec Zm CP4:pZB5

(A) Growth, (B) Glucose utilization, (C) Xylose utilization, and (D) Ethanol
production. Values for ethanol yield and productivity are given in Table 4.

771
(ref: Fig.2 - 20th Symp. Paper #75 - ABAB, ?6'1727, 1999)
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Fig. 2-3 Effect of glucose on fermentation 8% xylose by rec Zm CP4:pZB5 (A)

Growth, (B) Glucose utilization, (C) Ethanol production. Values for max. cell mass,
ethanol vield, and productivity are given in Table 4. (ref: Fig 3 - Appendix K)
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Fig 2-4 Comparing strains CP4:pZB5 and 39676:pZB4L with 6% xylose and either
0.8% glucose or 6% glucose in nutrient-rich ZM medium. Expts. with CP4 are presented in
Fig. 2-2. Values for max. cell mass, ethanol yield, and productivity are given in Table 5.

(ref: “Addendem” to NREL seminar - March 2, 1998)
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1 ZM medium
5.0 A Thisstudy pHS5.75
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S
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< ]
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Fig 2- 5 Cofermentation of sugar mixtures (equal amounts of xylose and glucose) by
rec Zm CP4:pZB5. Data taken from Figure 1 of P. Rogers ez al. (1997) J. Australasian
Biotechnol., 7, 304-309.

Note: pH 5.0 was used by P. Rogers ez al.,whereas this work used pH 5.75. Also the
amount of sugars is different in the two studies.

(see also NREL Seminar - March 2, 1998)
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Fig 2- 6 Growth of recombinants CP4:pZB5 and the “adapted” variant in 6.5% sugar
mixture at pH 5 and 5.75. (A) “adapted” strain, (B) CP4:pZBS5. Values for max. cell mass,
ethanol yield, and productivity are given in Table 3.

(ref: Fig 5, Prog Report #5 - Sept. 28/98) -
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Fig 2-7 Sugar utilization by recombinants CP4:pZBS5 and the “adapted” variant in
6.5% sugar mixture at pH 5 and 5.75. (A) “adapted” strain, (B) CP4:pZB5. Values for
max. cell mass, ethanol yield, and productivity are given in Table 5.

(ref: Fig 5, Prog Report #5 - Sépt. 28/98; see also Fig. 5 Appendix K)
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Fig 2- 8  Comparison of this work to published recent data from P. Rogers’ lab.
Data taken from Figuress 2 and 5 of Joachimsthal ez al. (1999) Appl. Biochem. Biotechnol.

77-79 (in press)
* [presented at 20th Symposium on Biotechnology, Gatlinburg, TN, May - 1998]
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Fig 2- 9 Effect of C5 to C6 sugar mass ratio (specifically Xyl:Glu) on the volumetric
rate of xylose utilization [Qs (Xyl) determined as the mass of xylose divided by time for
complete fermentation]. (A) Expts. where the total sugar was about 4.8% (w/v) as per
standard synthetic hardwood prehydrolytsate; (B) Expts where total sugar was about 12%

Final Technical Report - 45 - s/c ACO-8-17095-01



Table 4 Summary of growth and fermentation parameters

Medium (sugar conc'n) Maximum Maximum  Ethanol Ethanol
Xylose  Glucose Cell Mass Ethanol Yield* Productivity (48h)
% (WIV) % (WIV) (g DCMIL) (gL) (9/9) (g EtOH/L/h)

Expts for Figure 2-1 CP4:pZB5 (+ 0.4% acetic acid pH 6.0)

4 0.8 : 1.01 23.2 0.49 0.48
4 1.2 1.30 26.1 - 0.50 0.69
4 1.6 1.36 28.7 0.50 0.75
4 2.0 1.26 29.6 0.49 0.67

Expts for Figure 2-2 CP4:pZB35

6 0 0.74 23.0 0.48 (0.32)
6 0.8 1.47 33.0 0.48 0.66
6 2 1.69 39.7 0.49 0.83
6 4 1.85 49.5 0.49 0.69
6 6 2.03 58.6 0.49 0.95

Expts. for Figure 2-3 CP4:pZB5

8 0.8 1.48 36.6 0.48 (0.51)

8 2 1.79 47.7 0.48 0.66

8 4 2.03 57.2 0.48 (0.79)

4 8 2.37 58.2 0.48 (0.97)
Fed-batch (0.48 % w/v Glc added over 64h)

8 0.8 1.66 44.7 0.48 (0.62)

* Yield calculated as ethanol produced per sugar utilized
Productivity based on 48h. Brackets around values for ethanol productivity indicate that xylose
utilization was incomplete at 48h
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Table 5 Summary of growth and fermentation parameters

Medium (sugar conc'n) Maximum Maximum  Ethanol Ethanol
Xylose  Glucose Cell Mass Ethanol Yield* Productivity (48h)
% (WIV) %% (WIV) (@ DCML) QL) (0/9) (g EtOH/L/h)

Expts for Figure 2-4

39676:pZB4L
6 0.8 1.43 33.1 0.48 (0.67)
6 6 1.67 55.5 0.48 (0.94)
CP4:pZB5
6 0.8 1.47 33.0 0.48 0.66
6 6 2.03 58.6 0.48 (1.10)

Expts. for Figure 2-6 and 2-7 (pH 5 and 5.75)
“adapted” 39676:pZB5

6.6 6.7 1.57 46.1 0.47 (0.80)
6.5¢ 6.5¢ 0.58 21.9 0.46 (0.30)
CP4:pZB5
6.6 6.7 2.46 61.9 0.46 1.29
6.5¢ 6.5+ 2.44 58.0 0.47 1.17
* pH5.0

* Yield calculated as ethanol produced per sugar utilized
Productivity based on 48h. Brackets around values for ethanol productivity indicate that xylose
utilization was incomplete at 48h
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Table 6 Experimental Variation

Worst case Best case

Strain Xyl Glu Cell mass Timetocomplete  Cell mass Time to complete
g/l) (gL) (gL) fermentation (h) /L) fermentation (h)

adapted 40 8 1.34 26 1.38 24
39676:pZB4L 40 8 1.41 32 1.41 26
CP4:pZB5 40 8 1.42 30 1.46 24
CP4:pZB5 80 20 1.89 59 2.33 31
CP4:pZB5 65 65 1.70 >72 2.46 48

All experiments were conducted in pH-controlled bioreactors at pH 5.75-6.0 in
nutrient-rich media (RM or ZM). More extreme variations were observed with CSL-
based media.
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PART 3

The work described in Part 3 is related to Task #4 as outlined in the Subcontract Extension of October
1998. The objective was to conduct batch fermentations to examine the requirement for mediun
supplementation (requirement for DAP and/or Mg) with reduced level of CSL.

This work has already been described in the following contexts:

(i) Technical Progress Report #3 (Fig 1)
(i) Technical Progress Report #4 (Figs. 2 and 3)
(iii) Technical Progress Report #5 (Fig. 2)

Nutrient studies with ‘adapted’ rZm 39676:pZB4L

In previous work we have demonstrated that the level of cCSL ammendment could be reduced from 1%
(v/v) to 0.25% (v/v) without a significant decrease in performance of the adapted variant (with respect to
ethanol yield and productivity in the standard reference medium with 0.4% w/v acetic acid) provided tha
diammonium phosphate (DAP) or another suitable inorganic N source (eg. ammonium salts, urea, etc.)
was added to the medium. However, the medium was prepared with distilled water (dist H;O)and a

cocktail of “Zymo salts” or “Z salts” | (MgSO4.7H>0, 1.0g/L; FeS04.7H,0, 0.01g/L; citric acid, 0.21

g/L). In our work with the non-adapted parent culture (39676:pZB4L) conducted in 1997, we used tap
water and ¢CSL without adding any ‘salts’ since an analysis of tap water (TW) had shown that it
contained several of the key trace elements. The analysis of the Toronto TW was included in the Final
Technical Report (Aug 30, 1995) - the analysis of tap water is shown below:

Analysis of Toronto Tap Water (U of T Slowpoke Reactor)
Potassium 029 mM

Sodium 0.54 mM
Chloride 0.71 mM
Magnesium  0.35 mM
Calcum 1.00 mM
Manganese  0.044 uM
Zinc 0.23 mM
Copper 1.36 uM
Sulphur 1.43 mM

Ref: Final Tech Report Aug 30, 1995

The objective of our recent batch fermentations with the adapted strain was to ascertain the role of the
“Zymo salts” in the CSL medium formulation since 1t was not known to what extent salts
supplementation was necessary for robust activity (under the conditions previously used to assess
performance - see above). It should be pointed out that there was no acetic acid in the media used in the
experiments. The results are described in Figure 3-1. (see also Figs 1-2, 1-7 and Fig 1-8; Table 3B).
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From these pH-stat batch fermentations the following can be concluded:

(i) at a reduced level of cCSL (0.25% v/v), Mg supplementation is necessary (Fig 3-2A). The level of
Mg required is probably much less than the 4mM used and is probably in the range 1-2mM based on the
apparent capacity of Toronto tap water (TW) to supply trace elements (see Fig. 3-3).

(ii) tap water (Toronto) supplies sufficient inorganic elements to achieve fermentation performance that is
equivalent to the medium containing the Zymo salts supplement (see Fig 3-2B). In fact the highest cell
mass achieved was with the TW medium (Fig 3-1A).

(iif) when 1.23 g/L DAP is present, the level of ¢CSL can be reduced about 2.5 fold (ie. from 0.25% to
ca. 0.1% v/v) but the productivity is affected at the lower level (Fig 3-1B). However, this experiment
indicates a range within which reduction of CSL supplementation might be effected.

With respect to the nutrient study in general the following items are important:

(i) the effect of divalent cations in ethanol fermentations is known; for example, Dombeck, K. M. and
Ingram, L. O. (1986) Appl. Environ. Microbiol., 52: 975; Osman, Y. A. and Ingram, L.0O. (1985) J.
Bacteriol. 164: 173. It is possible that Ca can substitute for Mg and in this respect the detox (overliming)
procedure may contribute more than suffient Ca to the medium. The analysis of TW shows that Mg is
only 0.35mM, but Ca is ImM, giving a combined divalent cation concentration of 1.35mM which may
be the ‘appropriate’ (minimum) level (see Fig 3-2A). If supplementation with MgSO4 is not required,
there is a major economic impact with anticipated cost savings of approx. 18¢/1000L medium.

(i) theoretically the level of DAP used should be able to support a cell mass level of approx. 2g DCM/L
and it is anticipated that since CSL also supplies N, that this level of DAP could easily be reduced by
50% which would have a major economic impact. The cost of using only 0.6g/L DAP would be about
11¢ per 1000L medium.

(iii) the cost of CSL quoted recently by York, S. W.& Ingram, L. O. (1996) J. Ind Microbiol. 16: 374-
376 was 20¢ per Kg of dry CSL (equivalent to 9.1¢/Ib or about $90 per slurry ton). Parekh ez al. (1998)
quote a cost for CSL of $55/ton (J. Ind. Microbiol. 21: 187-191) which is very close the value of
$50/ton (2.5¢/1b) that we have used in previous studies. However, NREL is currently using a value of
6¢ per Ib (whole slurry) which is equivalent to $120/ton (whole slurry) (Mark Ruth - pers communic.
June 5/98).

(iv) assuming a cost for CSL of 6¢/Ib and a supplementation rate of whole CSL of 1% (v/v) and a sugar
loading of 10% (w/v) and an overall sugar-to-ethanol conversion efficiency of 95% (Y p/s = 0.485 g/g),
the following cost for CSL can be determined:

1m3 (1000L) of CSL-based fermentation medium with tap water would cost $1.32
The cost of CSL would be 8.14¢/US gal ethanol
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The cost of Mg supplementation at a level of 1.8mM (used in this work) would be 1.62¢/gal ethanol
If whole CSL is used at the reduced rate of 0.25% (viv), then it might be necessary to also supplement
with DAP. The cost implications are summarized below:

CSL cost 2.5¢/1b 6¢/1b

at supplementation rate of

1% (w/v) whole CSL

Fermentation medium 1m3 (1000L) 55¢ 132¢
CSL (¢/US gal EtOH) (1% wiv) 3.39¢ 8.14¢
(at reduced level of 0.25% w/v) 0.85¢ 2.04¢
DAP at 1.32g/L (only for reduced CSL) 2.93¢/gal EtOH
MgSO4 at 1.8mM 1.62¢/gal EtOH

* note: these levels of DAP and Mg are probably
maximal and might be reduced where the cell mass
concentration is likely to be less than 2gDCM/L

Total cost for nutrients ¢/US gal EtOH
( 1% w/v whole CSL + Mg ) 5.01¢ 9.76¢
(0.25% CSL + DAP + Mg ) 5.40¢ 6.59¢

Using the current NREL cost for CSL of 6¢/Ib (whole shurry), the cost of using CSL as a growth ar
fermentation nutrient source is about 8¢ per gallon of ethanol. When Mg supplementation is included th:
cost rises to about 10¢/gal. Even at a four-fold reduced level of CSL supplementation (0.25% v/v), tt
cost is estimated at about 7¢/gal. This study indicates that reduced levels of CSL with DAP/M
supplementation may be permissible with hydrolysate media (where acetic acid reduces cell mass level
and this brings the cost more in line with the current NREL target for nutrients of about 5¢/gal.
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Nutrient studies with acetic acid-containing media

We have extended this nutritional study to include media containing 0.4% acetic acid with a view to
testing the nutritional requirement under a more stressful condition for growth and fermentation.

Figure 3-3 shows the results of several batch fermentations conducted at pH 6. The results support the
contention that magnesium supplementation is important; however, we have shown that the level of Mg
can be effectively reduced to about 1.5mM and this has significant economic impact.

Figure 3-4 shows the same type of experiments as Fig 3-3 except the the pH was lowered from 6 to
5.75. The consequence of this reduction in pH on both growth and xylose fermentation in the acetic acid
media is quite dramatic and does not auger well for operation at Jower pH such as being proposed by
Peter Rogers unless one uses a more pH/Ac tolerant variant strain.
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Fig. 3-1 Effect of alterations to CSL-based media with “adapted” strain with 4%
xylose + 0.8% glucose at pH 5.75. (A) The amount of cCSL in the medium was 0.25% v/v
except where it was only 0.1%. ” Z salts” = MgS04.7H20, 1.0g/L; FeS04.7H20, 0.01¢g/L; citric
acid, 0.21 g/L (B) Sugar utilization at reduced levels of CSL

(ref: Fig 1, Prog Report #3 - April 1/98)
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acid medium (pH 6.0) and rZm “adapted” 39676:pZB4L  [Fig 2, Report #4 - July 23/98]
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PART 4

The work described in Part 4 is related to Task #3 of the Statement of Work. The objective was to
characterize performance in continuous culture of various feed sugar ratios as a function of dilution
rate over the operating range of 0.04 - 0.10 h-1.

This work has already been described in the following contexts:

(1) Technical Progress Report #3 (Figs 2 and 3)

(i1) Technical Progress Report #4 (Fig. 4)

(i1) Technical Progress Report #6 (Fig. 2); #6 (supplemental) (Fig. 1)
(iv) Technical Progress Report #7 (Fig. 2) :

(v) NREL Seminar (March 2, 1998) - see Fig. 1 (Appendix J)

(vl) 21st Symposium Paper (1999 - in preparation)

Figure 4-1A shows the time-course of a continuous fermentation with the “adapted” variant in a
nutrient-rich medium containing 4% xylose and 0.8% glucose at pH 5.75. The experiment was
conducted over a period of 19 days and during that time the dilution rate was increased
incrementally from 0.04/h to 0.10/h with the effluent xylose increasing in response to elevated
dilution rates (Fig. 4-1A). At no time was glucose detected in the effluent. Figure 4-1B shows the

steady-state concentrations of xylose and ethanol as a function of dilution rate.

Previously we published the results of similar experiment using the non-adapted culture
(39676:pZB4L) and for comparison purposes Fig 4-2 shows the results of the experiments with
both strains superimposed on the same graph. Similar performance for the two strains in
continuous cofermentation was expected since the medium did not contain any potentially
inhibitory substances (ie. no advantage for the adapted variant). From Fig. 4-2 it would appear
that, under this condition (ie. no acetic acid in the medium), the parent strain is superior to the
“adapted” strain since the ethanol concentration is maintained higher at the higher dilution rates.
However, this conclusion can be questioned in the light of the experiments with 39676:pZB4L that

we reported previously (see C60 and C62 in Fig D-20 of Final Report for Phase III, 1997).

Figure 4-3 shows the time-course of a chemostat culture of the “adapted” recombinant using a
CSL-based pure sugar synthetic prehydrolysate medium. The difference between the experiments

represented in Figs 4-1 and 4-3 is the composition of the medium. The steady-state concentrations
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of cell mass and effluent xylose shown in Fig. 4-4 reveals that at a level of 1% (v/v), the clarified
CSL (and Z salts) provide sufficient nutrients for the adapted strain to perform optimally. The
CSL-based medium produced a slight elevation of the maintenance energy co-efficient from 0.12 to
0.42g sugar/g cell/h (Fig 4-5); however, this is not judged to be significant and may relate to the

previously observed tendency of CSL to cause uncoupling.

Figure 4-7 shows the time-course of a chemostat culture of the “adapted” recombinant using a
CSL-based pure sugar synthetic prehydrolysate medium containing 3% xylose and 1.8% glucose.
The typical ratio of xylose to glucose used in the majority of our synthetic prehydrolysate media
has been 5 to 1 (ie. 4% xylose + 0.8% glucose). Therefore, this revised medium with the same
total sugar concentration represents a X:G ratio of 1.67 to 1. Batch fermentation studies showed
the benefit of increasing the glucose concentration - mainly due to an increase in cell mass. The
steady-state concentrations of cell mass and effluent xylose for the 3%X + 1.8%G medium are
shown in Fig. 4-7. The difference between Figs 4-4 and 4-7 is simply the composition of the
medium with respect to the X:G ratio. Fig 4-8 is a plot of the specific rate of sugar utilization
versus D and shows that this alteration to the medium has little affect on either the maximum
growth yield or the maintenance energy coefficient. Figure 4-9 shows the time-course for a
chemostat experiment with he “adapted” strain in which the nutrient-rich ZM medium contained 4%
xylose and 1.4% glucose. In this case the total sugar concentration was increased from 4.8% to
5 4% and the X:G ratio was 2.86 to 1. It was expected that the increased amount of glucose would
promote a higher cell mass concentration and this would result in lower effluent xylose levels;
however, this was not the case and, despite an attempt at remediation by turning off the feed pump,
the xylose concentration was as high or higher than when the medium contained only 0.8%

glucose (see Fig. 4-1).

Continuous fermentation of equal amounts of xylose and glucose

2.5% mixture with “adapted” strain

Figure 4-10 shows the time-course of continuous fermentations with the “adapted” recombinant
using either a nutrient-rich ZM medium (panel A) or a 1%-CSL medium (panel B) containing 2.5%
xylose and 2.5% glucose at pH 5.75. The level of xylose was lower with the ZM medium and this

observation was unexpected based on the behaviour in the standard media with 4% xylose and
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0.8% glucose (see Fig 4-1 and Fig 4-3). The data from these two experiments were combined and
used to formulate the plot shown in Figure 4-11 of the steady-state levels of xylose and cell mass
and a function of dilution rate. This information was also used to produce the plots of the specific
rate of sugar utilization and specific productivity versus dilution rate that are shown in Fig. 4-12.
We noted that with this medium the maintenance energy co-efficient was approx. doubled from 0.5

to about 1 g sugar/g cell/h.

4% mixture with CP4:pZB5

Figure 4-13A shows the time-course of continuous fermentations with CP4:pZB3 using a nutrient-
rich ZM medium containing 4% xylose and 4% glucose at pH 5.75. Despite the fact that the system
was started at a lower than usual dilution rate of 0.025/h, the xylose level climbed rapidly to a level
of about 15g/L within only a few days of the flow being initiated (Fig 4-13A). The xylose level fell
to about 7 g/L when the pump was stopped at day 17, but when it was turned on again 48h later,
the xylose level increased back to the same value prior to the pumped being shut off (Fig 4-1 3A).
Fig. 4-13B is a plot of the specific rate of sugar utilization and specific productivity versus dilution
rate. The maintenance energy co-efficient is close to zero, but the max. growth yield (1/slope) is
surprising reduced relative to the standard medium with 4% xylose and only 0.8% glucose. We
noted that in their paper presented at the 20th Symposium, J oachimsthal et al. quoted values for
this same recombinant under similar conditions of 0.08 ¢ DCM.g sugar and 2.5 g sugar/g cellh g
for the max growth yield and maintenance energy, respectively. The pH in their experiment was
5.0 and the D range was extended, but otherwise the conditions were identical. At the higher D
values, most of the xylose was not utilized and this have contributed to the shift in their
extrapolation to these values for growth yield and maintenance since they are more similar to values

expected with Zymomonas when glucose is the sole sugar.
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Fig. 4-1 Chemostat culture of rZm “adapted” 39676:pZB4L. The nutrient-rich ZM
medium contained 4% xylose + 0.8% glucose. The pH was controlled at 5.75

(ref: Appendix J - NREL Seminar - March 2, 1998)
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PART 5

The work described in Part 5 is related to Task #4 of the Statement of Work. The objective was to
assess the effect of acetic acid on chemostat performance using two feed sugar and two acetic acid
concentrations.

This work has already been described in the following contexts:

(1) Technical Progress Report #4 (Figs. 5 - 9, 11)
(11) Technical Progress Report #5 (Fig. 6)

(1i1) Technical Progress Report #6 (Fig.3)

(1v) 21st Symposium Paper (in preparation)

Experimental design

All of the continuous fermentation experiments described in this Part of the Report are with the
“adapted” recombinant (derived from 39676:pZB4L). In all cases the pH was controlled at 5.75
and the temperature was maintained at 30°C. In all cases the medium was 1% (v/v) clarified CSL
(cCSL); however, sometimes tap water (TW) was used and in other instances distilled water with
either a salts cocktail ( “Z salts” - see Materials & Methods; Part 3) or 1.8mM MgSO4 were added.
Two different sugar combinations were used with a total sugar concentration of 4.8% (w/v): either
4% xylose + 0.8% glucose or 3% xylose + 1.8% glucose. The amount of acetic acid was varied
within the range 0 - 0.4% (w/v) except in Expt. C119 (see Fig 5-4) where the initial acetic acid

level was 0.8% but this was subsequently reduced to 0.2% after 10 days of continuous operation.

Effect of acetic acid with CSL medium (4% X + 0.8% G) at pH 5.75

Figures 5-1 and 5-2 are time courses for continuous fermentations with the adapted strain and
CSL-based media containing 4% xylose and 0.8% glucose with 0.2% and 0.4% (w/v) acetic acid,
respectively. Figure 5-3 is a Pirt plot of the specific rate of sugar utilization versus D (steady-state
dilution rate) for the expt. represented in Fig. 5-2 with 0.4% acetic acid. For comparison purposes
we have also included in Fig. 5-3 data from the expt. C109 using the same medium without added
acetic acid. The presence of this amount of acetic acid at pH 5.75 appears to affect the maximum
growth yield (inverse slope in plot of gs vs D) whereas the maintenance energy coefficient (approx.
0.5 g sugar/g cell/h) (y-axis intercept in plot of gs vs D) is relatively unaffected (Fig. 5-3). The
max. growth yield decreased from 0.032 to 0.023 ¢ DCM/¢g sugar with 0.4% acetic acid in the
medium (Table 7).
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Effect of acetic acid with CSL medium (3% X + 1.8% G) at pH 5.75

Figures 5-4. 5-5, 5-6A and 5-6B are time courses for continuous fermentations with the adapted
strain and CSL-based media containing 3% xylose and 1.8% glucose with either 0.2% or 0.4%
(w/v) acetic acid. Figures 5-5 and 5-6 are essentially repeats of the same experiment and are
intended to show the variability in the pattern with respect to effluent xylose. Although the
inorganic composition of the media in these experiments was intentionally different, it is not

believed to be a contributing factor to the observed variability (eg Fig 5-6A and 6B).

Figure 5-7 is a plot of cell mass and effluent xylose concentrations as a function of steady-state
dilution rate for the experiments represented in Fig. 5-5 and 5-6A. At pH 5.75, the presence of
0.4% acetic acid in the medium causes a significant reduction in cell mass and at D=0.06/h the

effluent xylose is 2-3 times higher with the acetate medium (Fig. 5-7).

Figure 5-8 is a Pirt plot of the specific rate of sugar utilization versus D (steady-state dilution rate)
for the expts. represented in Fig. 5-5 and 5-6A with 0.4% acetic acid. For comparison purposes
we have also included in Fig. 5-8 data from the expt. C111 using the same medium without added
acetic acid. The presence of this amount of acetic acid at pH 5.75 appears to affect primarily the
maintenance energy coefficient whereas the maximum growth yield is relatively unaffected (Fig. 5-
8). The max. growth yield was about 0.03g DCM/g sugar with or without 0.4% acetic acid in the
medium (Table 7). Curiously, the sugar composition of the medium in the absence of any acetic
acid appeared to affect the maintenance energy coefficient which was about 0.5 in the 4%X +
0.8%G medium, but close to zero in the 3%X + 1.8%G medium (Table 7). These difference are

most likely a reflection of the error in linear regression with data at limited D values.

Effect of 0.4% acetic acid on ethanol productivity at D = 0.04/h (pH 5.75)

Figure 5-9 summarizes the results of this part of the work by showing the effect of 0.4% acetic
acid on the volumetric productivity at D = 0.04/h as a function of the medium composition with
respect to xylose and glucose. In the absence of acetic acid the volumetric productivity for 4%X +
0.8%G and 3%x + 1.8%G media are 0.78 and 0.82 g ethanol/L/h, respectively. The addition of
0.4% acetic acid causes the volumetric productivity to decrease to 0.67 and 0.74 g ethanol/L.h for
these two media, respectively (Fig. 5-9). For each medium, this level of acetic acid (at pH 5.75)
causes about 10-15% reduction in productivity and the pattern of effluent xylose is also almost

identical (Fig. 5-9)
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Fig. 5-1 Continuous fermentation of “adapted” 39676:pZB4L with 4% xlyose +
0. 8 1.6% glucose and 0.2% (w/v)acetic acid (1% cCSL in dist H20 + 1.8mM Mg) at pH
5.75. After 9d, 0.8% glucose was added to the feed (see arrow). Expt. C124

(ref: Fig. 3, Prog Rep #6)
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Fig. 5-2 Continuous fermentation of “adapted” 39676:pZB4L with 4% xlyose +
0.8% glucose and 0.4% acetic acid (1% ¢CSL in TW) at pH 5.75. Expt C115

(ref: Fig. 6, Prog Rep. #4 - July 23/98)
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maintenance energy coefficient. Parameters are summarized in Table 6
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Fig. 5-4 Continuous fermentation of “adapted” 39676:pZB4L with 3% xlyose +
1.8% glucose and acetic acid (1% cCSL in dist H2O + Z salts) at pH 5.75. After 10d the
acetic acid in the feed was lowered from 0.8% to 0.2% (see arrow). Expt C119

(ref: Fig. 6, Prog Report #5)
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Fig. 5-5 Continuous fermentation of “adapted” 39676:pZB4L with 3% xlyose +
1.8% glucose and 0.4% (wiv) acetic acid (1% cCSL in TW) at pH 5.75. Expt C116

(ref: Fig. 8, Prog Report #4 - July 23/98)
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Fig. 5-7 Continuous fermentation of “adapted” 39676:pZB4L with 3% xlyose +
1.8% glucose -/+ 0.4% acetic acid (1% cCSL) at pH 5.75. Steady-state cell mass and
effluent xylose concentrations as a function of dilution rate. Expts. C111, C114 and C116
Symbols: open squares are without acetic acid and filled squares are with 0.4% (w/v) acetic
acid in the feed.

(ref: Fig. 11, Prog Report # 4)
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Fig 5 -8  Pirtplot for “adapted” “adapted” 39676:pZB4L with 3% xlyose + 1.8%
glucose -/+ 0.4% (w/v) acetic acid (1% ¢CSL) at pH 5.75. Expts C111, C114 and C116
Lines are computer generated by lineare regression. Parameters are summarized in Table 7
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Table 7 Summary of Rec Zymomonas Continuous Fermentation Parameters

pH Xylose Glucose max Me
Strain growth yield reference
39676 5.75 40 0.8 0.042 1.13 ABAB 70-72, 1998
39676 5.75 40 038 0.082 0.11 C60/62 Final Rep Fig D-20
“adapted” 5.75 40 0.8 0.033 0.12 C107 (zm)
5.75 40 0.8 0.032 0.42 C109 (CSL) Fig 7 ABAB/99
+04%Ac 575 40 08 0023 054 C115
5.75 40 1.4 0.031 1.1 C131
5.75 3.0 18 0.030 0.46 Cci111/112
+04% Ac  5.75 3.0 1.8 0.029 1.0 C114/116
5.75 25 25 0.031 0.93 C122/125
CP4:pZB5 5.75 40 4.0 0.02 -0.05 C134
CP4:pZB5 5.75 40 4.0 0.014 0.83 C135
+0.2% Ac
CP4:pZB5 5.0 40 40 0.079 2.5 P. Rogers 20th Symp
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PART 6

The work described in Part 6 is related to Task #5 of the Statement of Work. The objective was to
assess the effect of ethanol on chemostat performance using two feed sugar ratios and to assess the
effect of ethanol on media containing 0.2% (w/v) acetic acid.

This work has already been described in the following contexts:

(i)  Technical Progress Report #5 (Fig. 7
(i) Technical Progress Report #6 (Figs. 4 and 5)
(iii) Technical Progress Report #7 (Fig.1)

Effect of ethanol on adapted strain in chemostat culture

Figure 6-1A is a time-course of a continuous fermentation with the adapted strain with a 1% cCSL~
medium containing 1.8mM MgSO4 and 4% xylose + 0.8% glucose and 1.2% (w/v) ethanol. The
initial dilution rate was 0.04/h, but because the effluent xylose had risen rapidly within the first few
days to relatively high levels (20-25g/L) the feed pump was stopped after 6 days - during the 46h
period that the pump was off the xylose level decreased somewhat but rose again once the pump
was tumed back on. At day 10 an additional 0.8% glucose was added to the feed reservoir - thus
the medium was 4% xylose and 1.6% glucose. After 2 weeks the xylose concentration levelled off
at about 15 g/L (Fig 6-1A). This pattern of relatively high xylose could not be directly attributable
to the exogenous ethanol in the medium since similar behaviour had been observed with media
lacking any inhibitory substances. The effluent ethanol concentration shown in Fig 6-1A represents
the total ethanol (exogenous + endogenous). When the experiment was terminated after 22 days of

operation, the ethanol process yield was 0.38 g/g and the metabolic yield was 0.50 g/g.

Fig. 6-1B shows a similar experiment in which the amount of ethanol in the medium was doubled
to 2.4% (w/v). The glucose concentration was 0.8% and the dilution rate was kept constant at
0.04/h. The effluent xylose remained relatively high in the range 20-25¢/L (45-50% utilization)
during the first week of operation, thereafter it declined gradually to a level of about 10g/L. The
endogenous ethanol level was 17 g/L. The process ethanol yield was 0.35 g/g and the metabolic
yield was 0.45 g/g (Fig 6-1B). The gradual “adaptation” is problematic; however, it was concluded

that these levels of ethanol was not inhibitory.
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Effect of ethanol + acetic acid on the adapted strain in chemostat culture

Figure 6-2 shows a time course of an experiment designed to study the effect of a combination of
1.2% ethanol plus 0.2% acetic acid. The dilution rate was maintained at 0.04/h Because the
effluent xylose had risen rapidly within the first few days to relatively high levels (22¢/L) the feed
pump was stopped after 6 days - during the 22h period that the pump was off the xylose level
decreased somewhat (15 g/L), but rose again to 23g/L once the pump was turned back on (Fig 6-

2).

Figure 6-3 is a plot of the steady-state levels of xylose as afunction of the dilution rate and
examines the effect of 1.2% ethanol by comparing two media - one with only 0.2% acetic acid and
the other which contained both 0.2% acetic acid and 1.2% ethanol. This plot shows that the ethanol
causes a more premature rise in the effluent xylose concentration suggesting that the ethanol may
exacerbate the inhibitory effect of acetic acid even at the more permissible pH of 5.75 that was used

in these experiments.

Summary of continuous fermentation parameters
for maximum growth yield and maintenance energy

Plots of the specific rate of sugar utilization versus the specific growth rate (dilution rate) (so called
“Pirt” plots) can be used to derive values for the maximum growth yield (inverse of the slope). In
these plots the y-axis intercept represents the maintenance energy co-efficient (me) or the amount of
sugar metabolized to yield energy to support non-growth associated or “maintenance” activities
(including wasting energy). Table 7 summarizes the values for both maximum growth yield and
maintenance energy coefficient that were derived from the experiments conducted as part of this
work. For comparison purposes, we have included other experiments involving different NREL
recombinant Zm strains - namely, 39676:pZB4L and CP4:pZB5. In general these data point to the
effect of acetic acid on increasing the maintebnance energy coefficient and a lowering of the growth
yield. The values reported recently by Peter Rogers with CP4:pZB5 at pH 5 seem anomolous both
with respect to growth yield and the maitenance energy values which are considerably higher than
those observed under similar conditions in this work except where the pH was controlled at 5.75
(Table 7). Also somewhat anomolous, in terms of the values generally observed in this work, are
the values for growth yield and me derived from the work performed at NREL with rec Zm

39676:pZBA4L and presented at the 19th Symposium on Biotechnology (ref ABAB, 70-72, 1998)
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Fig 6-1 Continuous fermentation of “adapted” 39676:pZBA4L with 4% xlyose + 0.8%
glucose and added ethanol (1% c¢CSL + 1.8mM Mg) at pH 5.75. (A) + 1.2% (w/v) ethanol
added to feed, and (B) 2.4% (w/v) ethanol added to the feed. Expts C123 and C120

(ref: Fig 7, Prog Report #5; Fig. 4, Prog Report #6)
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Fig 6-2 Continuous fermentation of “adapted” 39676:pZB4L with 4% xlyose + 0.8%
glucose (1% cCSL + 1.8mM Mg) at pH 5.75. The medium reservoir also contained 1.2%

(w/v) ethanol and 0.2% (w/v) acetic acid Expt. C126

(ref: Fig 5, Prog Report #6 - Oct 26/98)
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(ref: Fig 1, Prog Report #7 - Dec. 16/98)
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APPENDIX A

Summary of batch fermentations with rZm 39676:pZB4L
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1 Sept.97 -Jan. 99 Summary Jan.11/99
OPERATIONAL PARAMETERS FOR BATCH FERMENTATIONS
Sugar conversion by Zymomonas mobilis ATCC 39676:pZB4L.

Substrate SUBSTRATE USE Products PRODUCTIVITY Yield

Batch [Xylose][Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/s Yx/s pH %C
# g/l o/l g X/Llh gG/L/h - g/l g/l g/l gl gt gP/L/th p gP/gS gX/gS Recov.

Medium Composition: ZM(5g/LYE){a=fed-batch 5.3% glucose added at 9.5ml/h from 10-48h )
B103a 34.06 20.22 113 042 192 2599 254 0.00 038 054 .26 .48 .035 60 103
B103b 24.61 20.06 051 067 202 2158 166 0.00 044 045 .26 .48 .045 60 105

Medium Composition: ZM(5¢/LYE)(a=fed-batch 5.0% glucose added at 10.0mi/h from 10-48h )
B104a 60.37 20.66 126 074 198 4023 1.32 0.00 1.09 0.84 .32 49 .024 6.0 103
B104b 60.36 19.13 126 159 195 3858 273 0.00 089 080 .36 .49 .025 6.0 102

Medium Composition: cCSL(a-1%GCP,b-1%NACAN,c-29%NACAN )

B105a 30.69 8.06 064 062 1.14 1880 te66 000 049 039 36 .49 036 6.0 104
B105b 32.61 8.18 068 058 093 1987 181 000 0.38 041 36 .49 .030 6.0 103
B105¢ 3541  7.81 0.74 056 123 2113 206 000 000 044 32 49 036 6.0 104

Medium Composition: cCSL(a-1%NACAN,b-1%GPC,c-2%GPC )

Bi106a 38.96 7.50 1.08 058 098 2248 039 000 028 062 .35 .48 .031 6.0 99
Bi06b 4092 7.57 120 063 122 2352 0.26 0.00 032 069 .27 49 .031 6.0 99
B106c 40.24 7.26 126 073 131 23.04 047 000 038 072 .29 49 .028 6.0 100

Medium Gomposition: Zm(5g/L YE + Zymo salts )

B107a 6043 8.64 112 0.82 143 33.12 2.00 0.00 0.89 0.61 . 48 .031 6.0 100
B107b 55.76 59.74 077 272 167 5551 291 0.00 097 077 . A48  .017 6.0 99
B107c 58.09 60.Fruc 0.81 - 165 56.68 267 0.00 095 0.79 . 48 016 6.0 -



2 Sept.97 -Jan. 99 Summary Jan.11/99
Substrate SUBSTRATE USE Products PRODUCTIVITY Yield

Batch [Xylose] [Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/s Yx/s pH %C

# o/l g/l g X/L/h gG/L/h g/l g/l gl ol gl gPlL/h p gP/gS gX/gS Recov.

Medium Composition: cCSL(1%GPC )inocula grown in RM except for B, Initial OD- a=.16,b=.15,c=.27,d=.4

B108a 40.06 8.30 1256 083 095 23.34 097 0.00 0.00 0.73 .32 .48 .020 6.0 99

B108b 4047 8.07 126 067 092 2322 005 000 166 073 .26 .48 .019 6.0 99

B108c 39.99 8.07 129 135 0985 2311 0.00 0.00 162 075 .30 48 020 6.0 100

B108d 40.12 7.95 126 133 100 2392 005 0.00 0.2t 0.75 .24 50 .021 60 100

Medium Gomposition: cCSL+ Zymo salts-(a&b=1%, c=.5%+1.23 g/L.{NH4)2HPO4,d=1%+1.23¢/L{NH4)2HPO4)

B110a 5854 8.15 1.22  0.91 116 3142 099 0.00 299 065 .33 47 .025 6.0 100

B110b 57.46 20.28 120 169 140 3641 122 000 333 0.76 .34 47 .020 6.0 100

B110c 60.61 20.83 1.78 174 173 3858 049 0.00 3.01 113 40 .47 .024 6.0 100

B110d 58.89 20.64 123 172 161 3772 0.89 0.00 295 0.79 .32 .47 .024 6.0 100

Medium Composition: 1%cCSL+ Zymo salts

B11ib 3596  8.51 050 065 1.01 2139 0.00 0.40* 166 030 .34 48 .025 6.0 100

B11td 2943 8.59 0.41 0.61 0.84 17.86 0.00 0.77* 200 0.25 .32 47 027 6.0 100

Medium Composition: ZM (5 g/L. YE + .8 g/L. NH4Cl+Zymo salts)

B112b 0.00 48.37 - 404 136 2363 013 0.00 000 158 35 49 028 575 99

B112d 38.05 8.24 1.27 103 138 2281 120 0.00 049 0.76 .29 .49 030 575 104

Medium Composition: b=ZM

B113b 35.11 0.00 0.73 - 0.68 17.08 0.04 0.00 228 036 .15 49 .019 575 104

Medium Gomposition: a=1%cCSL,b=.25%cCSL+ 1.23g/L (NH4)2HPO4,c8d=ZM

Bitdc 76.25 24.63 1.03 145 226 4731 522 051 432 064 .29 47 018 575 106

Bi14d 14.63 18.78 020 025 086 1570 0.00 0.00 0.46 0.21 .09 47 .027 575



3 Sept.97 -dan. 99 Summary Jan.11/99
Substrate SUBSTRATE USE Products PRODUCTIVITY Yield

Batch [Xylose] [Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/s Yx/s pH %C
# g/l g/l gXiL/h gG/L/h gl g/l g/l o/l o/l gP/L/h u gP/gS gX/gS Recov.

Medium Composition: b=1%cCSL,d=.25%cCSL+ 1.23g/L {NH4)2HPO4)

B116b 4045 7.65 135 096 091 2346 005 0.00 1.74 078 .27 .49 .021 575 101
B116éd 40.41 8.01 084 073 069 2286 0.02 000 1.04 048 .24 48 026 5.75 102

Medium Composition: ZM1(1.50% EtOH added to b)

B117a 77.52 19.93 1.08 153 183 4608 486 000 208 064 29 .47 026 575 102
B117b 63.84 19.75 089 165 131 3951 453 000 285 055 .31 47 023 575 103
B117¢c 80.28 15.96 112 133 194 4572 467 000 1.42 064 .28 .48 .022 575 102
B117d 39.86 20.23 142 169 128 2957 0.00 000 0.05 106 .29 .49 022 575 105

Medium Composition: a=1%cCSL,c=.25%cCSL+ 1.23g/L (NH4)2HPO4)

Bi118a 40.19 7.92 118 132 118 2333 008 0.00 145 069 .30 .48 .028 575 101
B118c 36.82 8.11 0.77 135 105 2141 0.15 000 t1.09 045 .26 .48 .022 575 99

Medium Composition: ZM)

B120a 40.72 8.00 090 133 088 2353 040 4.0 028 052 .28 .48 .025 6.0 98
B120c 40.24 8.11 084 101 070 2347 080 7.3* 023 049 .24 48 021 6.0 99
B120g 40.38 8.33 1.35 - 1.38 2360 0.00 0.00 0.78 0.79 .- A8 .0365 575 100

Medium Composition: g&h=2M,b,c8d=1%cCSL,a=.25%cCSL + 1.23g/L (NH4)2HPO4

B121a 31.87 8.16 0.44 0.82 0.61 19.33 0.07 4.0 2.01 0.27 32 48 .030 6.0 101
B121c 2480 8.20 034 059 063 1583 0.0010.00 164 022 26 .48 025 6.0 101
B121g 0.00 47.90 - 479 190 2286 0.00 0.00 000 229 .36 .48 .040 575 98



4 Sept.97 -Jan. 99 Summary Jan.11/99
Substrate SUBSTRATE USE Products PRODUCTIVITY Yield

Batch [Xylose] [Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/'s Yx's pH %C

# g/l o/l g X/L/h gG/L/A - g/l g/l g/l g/l gl gP/L/h pn gP/gS gX/igS Recov.

Medium Composition: 1%cCSL + Zymo salts(parent = a,b &c)

B125a 40.25 8.90 057 064 073 2404 084 4.0* 059 035 .33 .49 019 500 100

B125b 40.15 8.85 072 074 096 2492 112 40* 139 044 36 .50 .034 550 105

B125¢ 40.60 8.58 0.81 072 t.06 2422 116 4.0 146 048 .33 .49 022 6.00 104

Medium Composition:2.5ml/LcCSL(NREL)+ Zsalts); g=39676:pZB4L

B140g 39.91 7.82 083 078 090 2332 0.00 4.0 090 049 .27 .49 026 6.0 99

Medium Composition: ZM; ¢c=39676:pZB4L

B151c 22.76 90.64 047 190 2.02 5468 165 0.00 397 1.14 32 .48 018 6.0 101

Medium Composition: ZM1; b&d=39676:pZB4L

Bi152b 2.26 59.90 0.05 125 128 2982 0.00 0.00 0.00 0.62 .20 .48 .021 5.0 97

B152d 3.96 88.67 0.08 186 146 4356 0.00 0.00 216 091 20 .47 016 575 96
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1 Sept.97 -Jan. 99 Summary Jan.11/99
OPERATIONAL PARAMETERS FOR BATCH FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L
Substrate SUBSTRATE USE Products PRODUCTIVITY Yield
Batch [Xylose] [Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/s Yx/s pH % C
# g/l g/t g X/L/h gG/IL/h - g/l g/l o/l o/l g/l gP/L/h n gP/gS gX/gS Recov.
Medium Composition: 1%cCSL+ Zymo salts{(a&c=adapted strain)
B111a 32.13 8.94 045 064 120 2010 0.00 0.40* 152 028 .33 .49 035 6.0 103
B111¢c 27.97 9.12 039 070 1.15 1758 0.00 0.77* 1.96 024 .40 .47 .037 6.0 101
Medium Composition: ZM (5 g/L. YE + .8 g/L NH4Cl+Zymo salts)(a&c=adapted strain)
B112a 0.00 48.42 - 3.23 1.42 2412 0.01 0.00 0.05 161 .32 .50 .029 5.75 101
Bi1t2c 40.34 8.05 168 0.81 1.38 24.16 0.00 0.00 0.12 1.01 .27 50 .029 575 101
Medium Composition: a=ZM,c=1%GPC cCSL,d=.25%cCSL+ 1.35g/L. (NH4)2HPO4(a,c&d=adapted strain)
B113a 2449 0.00 0.51 - 056 12.25 0.14 0.00 2.06 0.26 .13 .50 .036 575 110
B113¢c 30.26 0.00 0.63 - 0.40 1469 0.14 000 2.10 0.31 .18 .48 .013 575 104
B113d 16.50 0.00 0.34 - 0.19 7.78 0.15 0.00 089 0.16 .08 .47 .012 5.75 100
Medium Composition: a=1%cCSL b=.25%cCSL+ 1.23g/L (NH4)2HPO4(a&b=adapted strain)
B114a 40.11 8.12 073 090 089 2302 0.14 0.00 220 042 .25 .48 .020 5.75 100
B114b 40.05 7.86 114 0.79 0.79 2278 005 000 257 065 .25 .48 .022 5.75 100
Medium Composition: ZM(adapted strain}a=5.1%glu added at 9.7ml/h,b=dH20 added at 9.8ml/h
B115a 6521 19.86 132 109 195 3987 253 0.00 285 0.83 . A7 023 575 101
B1i5b 74.14 10.66 137 123 106 3960 242 039 251 0.75 . 47 014 575 99
B115¢c 72.01 10.50 150 1.08 121 3920 294 0.00 226 082 . 48 015 5.75 101
B115d 55.76 20.49 116 1.46 1.13 36.07 287 0.00 2.43 0.21 . 47 013 5.75 101




2 Sept.97 -dan. 99 Summary Jan.11/99
Substrate SUBSTRATE USE Products PRODUCTIVITY Yield

Batch [Xylose] [Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/s Yx's pH %C
# o/l g/l gX/Lih gG/L/h gl g/l g/l g/l gl gP/Llh n gP/gS gX/gS Recov.

Medium Composition: a=1%cCSL,c=.25%cCSL+ 1.23¢/L (NH4)2HPQ4)(a&c=adapted strain)

B116a 4045 797 t12 100 0.89 2330 002 0.00 170 065 .22 .48 .020 575 100
B116c 4083 7.90 1.02 066 066 2350 006 0.00 141 059 20 .48 .018 575 99

Medium Composition: b=1%cCSL,d=.25%cCSL+ 1.23g/L (NH4)2HPO4)(b&d=adapted strain)

B118b 40.08 8.57 1.05 1.00 106 2342 006 000 172 062 .35 48 .026 575 100
B118d 4020 8.52 126 1.04 101 2328 007 000 1.80 0.73 29 .48 022 575 100

Medium Composition: a,b&¢=1%cCSL,d=.25%cCSL+ 1.23g/L (NH4)2HPO4)(adapted strain)

B119a 40.44 8.03 094 062 087 23.03 0.00 40* 213 054 .30 .48 .018 6.0 99
B119b 40.48 7.87 084 056 081 2286 000 75" 261 048 35 47 .017 60 100
B119¢c 37.97 8.06 053 056 066 2196 000 9.7+ 297 031 26 48 .014 6.0 101
B119d 40.06 7.78 1.05 043 091 2345 0.00 4.0* 212 062 29 .49 .019 6.0 103

Medium Composition: ZM(b,d&h=adapted strain)

B120b 4061 8.26 119 136 087 2349 070 3.7* 0.05 069 24 .48 .019 6.0 98
B120d 40.32 8.28 112 104 079 2349 020 74* 005 065 .21 .48 .022 6.0 97
B120h 40.26 8.73 156 - 1.34 2358 0.00 0.00 0.70 090 - 48 032 575 99

Medium Composition: h=ZM,b=1%cCSL(b&h=adapted strain)
B121b 36.50 8.11 051 058 072 2122 0.00 10.0* 218 029 28 48 022 6.0 100
B12th  0.00 48.18 - 3.44 171 2310 0.00 0.00 0.00 165 .33 .48 .035 575 98



3 Sept.97 -Jan. 99 Summary , Jan.11/99
Substrate SUBSTRATE USE Products PRODUCTIVITY Yield

Batch [Xylose] [Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/'s Yxs pH %C
# g/l o/l g X/L/h gG/lh gl g/l g\ ol gt gP/lLlh p gP/gS gX/igs Recov.

Medium Composition: 1%cCSL + Zymo salts(adapt.=d,g &h)

Bi25d 40.83 8.51 085 061 088 2478 024 40 057 051 .35 50 .018 5.00 102
B125g 40.01 8.57 091 071 104 2420 025 4.0* 0.85 055 .32 .50 .035 550 102
B125h 40.57 8.90 101 064 1.18 2430 0.89 40* 1.39 061 .35 .49 .024 6.00 104

Medium Composition: 0.25%cCSL+1.23g/L. (NH4)2HPO4 +(a= Zymo saits,b=tapH20,d=.5g/LMgSO4 g=.175%hydrolysed CSL

+Zs,h=.1%cCSL+Zs)(adapt)

Bi26a 4042 8.28 1.01 069 0.72 2384 025 000 055 060 .31 .49 .020 575 99
Bi26b 4024 7.85 106 065 087 2371 023 0.00 056 062 .24 49 .022 575 100
Bi126¢c 37.86 7.95 079 057 065 2243 029 000 054 047 .22 49 021 575 99
Bi126d 41.36 8.66 103 072 082 2432 043 0.00 052 0.61 .24 .49 .022 575 99
Bt26g 40.21 7.91 101 066 077 23.43 0.37 0.00 037 059 .27 49 .020 575 99
Bi26h 36.67 8.18 075 059 068 2171 027 0.00 027 045 .18 .48 .020 575 98

Medium Composition:ZM (d,g&h=adapted)

B132d 9.68 37.95 013 0.53 058 21.85 0.00 0.00 0.84 030 .25 .46 .017 5.0 93
B132g 33.38 65.74 046 110 157 46.14 1.37 000 127 064 25 .47 020 575 96
B132h 4050 54.54 056 076 1.16 44.47 058 4.0 0.83 0.62 .20 .47 .017 575 94

Medium Composition:cCSL(NREL)a-d=2.5ml/L +1.2g/L (NH4)2HPO4,B=tap H20,c=Z salts,d=Mg,g=10ml/LcCSL+tapH20),h=ZM(adapted)
Bi37a 32.61 8.45 068 085 073 2073 030 4.0* 1.02 043 .31 .50 .030 575 104
B137b 33.39 8.47 070 085 0.76 2092 0.08 4.0* 1.63 044 .34 50 .027 575 104
Bi37c 3559 848 074 085 075 2221 0.14 4.0* 1.44 046 .34 .50 025 5.75 104
B137d 34.47 8.54 072 085 0868 2158 020 4.0* 1.76 045 .36 .50 .029 575 105
B137g 40.61 8.82 102 088 105 2487 017 40 126 062 .28 .50 .026 575 104
B137h 40.41 8.22 1.01 103 1.03 2414 063 4.0 126 060 .28 .50 .030 575 104




4 Sept.97 -Jan. 99 Summary Jan.11/99
Substrate SUBSTRATE USE Products PRODUCTIVITY Yield

Batch [Xylose] [Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/s Yx/s pH %C
# g/l o/l gX/L/h gG/L/h g/l g/l g/l o/t g/l gP/L/h n gP/gS gX/gS Recov.

Medium Composition:2.5mI/LcCSL(NREL)+ b=tapH20,c=Zsalts,d=1.67mM Mg)adapted;

B140a 39.13 7.76 082 062 076 2308 000 4.0 053 048 .27 .49 024 6.0 99
B140b 39.37 7.87 087 066 080 2319 0.00 4.0* 062 052 .27 49 .024 6.0 99
B140c 40.43 8.00 112 073 084 2390 0.00 4.0* 054 065 .27 49 .019 6.0 100
B140d 39.66 7.85 110 072 0.86 23.46 0.00 4.0* 051 065 .27 49 021 60 100

Medium Composition:ZM, a,b,d,e= adapted

B142a 2591 0.00 0.54 0.95 1247 0.00 0.00 022 026 .17 .48 .037 6.0 99
B142b 3966 0.00 0.83 - 0.79 19.03 0.00 0.00 0.09 040 .24 .48 033 6.0 96
B142d 27.56 0.00 0.66 - 0.48 13.21 0.00 0.00 0.05 0.3t .12 .48 .038 6.0 96

B142e 2236 0.00 0.47 - 058 10.73 0.00 0.00 0.09 0.22 .16 .48 .026 6.097Medium



APPENDIX C

Summary of batch fermentations with rZ CP4pZB5

Final Technical Report Subcontract ACO0-8-17095-01




1 Sept.97 -Jan. 99 Summary Jan.11/99

OPERATIONAL PARAMETERS FOR BATCH FERMENTATIONS

Sugar conversion by Zymomonas mobilis CP4:pZB5

Substrate SUBSTRATE USE Products PRODUCTIVITY Yield
Batch [Xylose] [Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/s Yx/s pH %C
# o/l g/t g X/l/h gG/LUh - gl g/l o/l g/l g/l gP/L/h p gP/gS gX/gS Recov.
Medium Composition: ZM(5g/L YE + .8g/L NH4Cl + Zymo salts )CP4:pZB5
B109a 80.76 8.01 224 089 168 4174 215 000 457 073 36 .47 .019 6.0 102
B109b 80.32 19.86 259 189 233 4725 1.32 0.00 3.74 073 42 47 024 6.0 100
B109¢ 80.66 30.85 1.41 1.81 225 53.20 0.15 000 584 075 .34 .48 .024 6.0 101
B109d 74.58 39.79 1.04 199 240 53.79 249 0.00 438 0.75 34 47 .022 6.0 100
Medium Composition: d=1%cCSL (d=CP4:pZB5)
B121d 40.67 8.65 056 062 074 23.46 0.00100* 237 033 32 48 .018 6.0 100
Medium Composition: ZM (CP4:pZB5)(1.5% EtOH added to D)
B122a 40.10 7.98 1.29 1.18 1.39 2296 0.00 0.00 235 068 .48 .48 .031 575 102
B122b 60.42 8.06 1.26 1.01 1.46 33.03 000 000 249 069 .46 48 .027 575 101
B122¢ 6899 7.86 09 076 148 3660 1.40 000 172 051 .36 48 .029 575 99
B122d 80.56 20.22 137 173 189 63.16 0.09 0.00 355 0.67 .42 48 .024 575 99
B122g 40.61 60.27 127 431 257 4820 0.20 0.00 250 150 .41 48 042 575 99
B122h 4053 80.25 067 236 237 58.18 0.19 0.00 364 081 43 48 024 575 100
Medium Composition: ZM (CP4:pZB5){0.77% glucose added to C at 24h)
B123a 63.33 8.13 117 063 1.18 3392 0.89 0.00 216 0.63 .37 47 036 575 99
B123b 62.05 8.10 115 068 135 33.18 166 0.00 208 0.61 .36 .47 .039 575 100
B123¢c 69.56 15.55 1.29 0.66 1.57 4119 127 (.00 230 076 .36 .48 .020 5.75 10t
B123d 71.24 16.71 132 130 1.78 4220 258 0.00 269 078 .37 .48 .035 575 102
B123g 66.59 31.01 123 207 203 46.38 227 0.00 286 0.86 .40 .48 .029 575 101
B123h 66.91 40.65 124 226 232 5113 280 0.00 3.11 095 .41 48 031 575 101



2 Sept.97 -Jan. 99 Summary Jan.11/99
Substrate SUBSTRATE USE Products PRODUCTIVITY Yield

Batch [Xylose] [Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/s Yx/'s pH %C
# o/l o/l g X/Llh gG/Lh - g/l g/l gl gl gl gP/L/h p gP/gS gX/gS Recov.

Medium Composition: ZM{CP4:pZB5)(2.0% EtOH added to D)

Bt24a 47.55 0.00 066 - 0.74 2297 011 0.00 255 032 .26 48 026 575 102
B124b 60.54 8.21 121 082 147 3295 0.09 0.00 3.18 066 .40 .48 .027 575 101
B124c 60.24 20.12 126 168 1.69 3971 0.09 0.00 325 083 .37 .49 .022 575 103
B124d 60.35 20.48 084 146 164 5969 0.12 0.00 3.34 055 .32 49 022 575 102
B124g 60.94 40.52 085 289 1.85 4951 0.12 0.00 3.68 069 .34 49 022 575 101
B124h 60.13 59.43 084 243 203 5858 0.12 0.00 3.68 0.81 .41 49 .018 575 101

Medium Composition: ZM(a=fedbatch -4.85%glucose fed at 2mi/h for 8-72h)CP4:pZB5(1.5%EtOH added to c)

B127a 80.64 12.71 112 0.86 1.66 4466 1.32 0.00 265 062 .34 .48 027 575 100
B127b 80.33 19.84 139 165 1.79 4765 0.85 0.00 295 0.66 .40 .48 .023 575 99
B127¢ 65.99 19.23 0.92 1.37 1.73 56.21 1.46 0.00 2.28 057 .28 .48 023 575 100
B127d 78.66 40.05 1.09 334 203 5721 228 0.00 3.39 0.79 .36 48 .024 575 101
B127g 58.24 65.02 081 163 1.10 56.10 0.15 0.00 042 0.78 .36 .46 .013 5.00 91
Bi127h 57.29 65.26 0.80 1.40 1.70 56.80 1.25 0.00 225 079 39 46 019 575 95
Medium Composition:1% ¢ CSL + tapH20 (CP4:pZB5)

B130a 27.22 8.19 054 1.02 044 1745 0.00 4.0 003 035 .33 .49 .043 50 98
B130b 27.14 10.23 054 122 045 1789 0.00 3.9* 0.00 036 .33 .48 .038 5.0 95
B130c 27.36 12.23 055 142 049 19.01 000 3.9* 0.00 038 .34 .48 .036 5.0 95
B130d 28.54 16.60 057 166 068 21.78 000 4.0 006 044 36 48 .035 5.0 96
B130g 31.90 19.67 0.64 197 0.80 2482 021 4.0 0.07 050 .36 .48 .037 5.0 96
B130h 30.15 40.94 060 272 0.87 34.89 0.00 4.0* 0.04 070 39 49 .020 5.0 97

Medium Composition:ZM (a,b&c=CP4:pZB5)

B132a 57.45 64.81 117 361 244 5798 1.26 0.00 0.74 117 43 47 .022 50 97
B132b 67.21 66.01 140 347 246 6187 138 000 144 129 48 46 021 575 95
B132c 65.11 57.67 080 362 156 5762 061 4.0 0.06 080 .36 .47 016 575 94




3 Sept.97 -Jan. 99 Summary Jan.11/99
Substrate SUBSTRATE USE Products PRODUCTIVITY Yield

Batch [Xylose][Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/'s Yxs pH %C
# g/l g/l gX/L/h gG/LAh - gl g/l gl g gl gP/A/Hh p gP/gS gX/gS Recov.

Medium Composition:ZM (CP4:pZB5)

B134a 52.17 6545 097 327 245 56.68 0.00 000 0.71 1.05 46 .48 .027 575 97
B134b 4459 65.45 083 273 243 5336 0.00 000 1.88 0.82 .41 .48 027 575 98
B134c 71.58 20.23 134 190 183 4404 000 000 095 099 .45 48 028 575 97
B134d 64.73 19.79 120 178 1.88 4098 0.00 0.00 0.87 0.76 .48 .48 031 575 99

Medium Composition:ZM (CP4:pZB5)

B135a 43.07 64.04 094 213 2.28 5187 000 0.00 1.83 113 .31 .48 023 575 99
B135b 53.03 65.35 130 277 227 56.92 0.00 0.00 0.88 1.36 .30 .48 .020 575 97
B135¢c 68.37 20.17 149 155 198 4253 0.00 0.00 062 092 .29 48 023 575 97
B135d 62.57 20.97 1.49 150 181 39.73 0.00 000 078 095 .30 .48 023 575 97

Medium Composition:ZM (CP4:pZB5)

B136a 42.71 64.89 089 209 189 5154 0.00 000 168 1.07 29 .48 025 575 97
B136b 52.57 64.85 1411 232 212 56.63 000 000 151 118 .32 48 .024 575 98
B136¢c 53.58 20.61 112 121 154 3556 0.00 000 1.16 0.74 29 .48 .043 575 97
B136d 65.37 20.38 136 120 182 4153 0.00 000 125 087 .28 .48 .036 575 99

Medium Composition:2.5mV/LcGSL(NREL)+Zsalts (CP4:pZB5)
B140h 39.35 7.88 1.04 076 099 23.16 0.00 40* 0.87 061 .27 .49 .024 6.0 100

Medium Composition:10ml/LcCSL(NREL)+1.67mM Mg (CP4:pZB5)

B141a 39.70 7.46 083 073 1.01 23.18 0.00 4.0* 065 048 .39 49 .030 6.0 100
B14ib 4056 11.95 1.07 096 130 26.11 0.00 40* 070 069 42 50 .028 60 102
B141c 40.57 16.27 1.07 112 136 2866 0.00 40* 086 075 42 50 .029 6.0 103
B141d 40.49 19.63 090 135 126 2960 0.00 40* 094 067 .42 49 .026 6.0 100



4 Sept.97 -Jan. 99 Summary Jan.11/99
Substrate SUBSTRATE USE Products PRODUCTIVITY Yield
Batch [Xylose][Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/s Yxs pH %C
# g/l o/l gX/Llh gGAL/h gl g/l ol o gt gPL/h p gP/gS gX/gS Recov.
Medium Composition: ZM, CP4:pZB5
B142¢ 38.56 0.00 0.88 - 0.74 18.54 0.00 0.00 0.09 042 .21 .48 .030 6.0 97
Medium Composition: ZM,CP4:pZB5 ,
B143a 0.00 11.13 - 1.39 0.67 556 0.00 0.00 006 070 63 .50 .060 6.0 106
B143b 0.00 16.37 - 1.64 0.86 8.18 0.00 0.00 0.09 082 63 .50 .053 6.0 105
B143c 0.00 20.35 - 204 108 1017 0.00 0.00 0.10 102 55 50 .051 60 105
B143d 0.00 41.03 - 373 153 2052 0.00 0.00 0.19 187 45 50 .037 6.0 103
Medium Gomposition: ZM; CP4:pZB5
B145a 6.27 0.00 052 - 0.25 3.14 000 000 0.11 026 .28 50 .040 6.0 104
B145b 12.17  0.00 072 - 0.39 6.09 000 000 0.16 036 .28 50 .032 6.0 103
B145¢ 12.27 0.00 0.68 - 0.38 6.05 000 000 0.19 034 .28 50 .031 6.0 102
B145d 18.35 0.00 0.48 - 0.58 894 0.00 000 037 024 29 .49 .042 6.0 101
Medium Composition: ZM; ¢ & d = CP4:pZB5
B146c 10.23 2.84 064 095 054 660 000 000 0.00 041 29 50 .041 6.0 104
B146d 11.10 1.82 0.65 061 047 6.49 000 000 0.08 038 .29 50 .036 6.0 103
Medium Composition: ZM; a, b, ¢, & d = CP4:pZB5
B147a 0.00 26.09 - 217 1587 13.05 0.00 000 098 109 .37 50 .061 6.0 109
B147b 10.01 0.00 059 - 0.41 504 000 0.00 022 030 .20 50 .041 6.0 106
B147¢ 26.72. 0.00 053 - 0.53 12.09 0.00 000 094 025 .19 48 024 6.0 100
B147d 41.12 Q.00 067 - 057 1564 0.00 000 1.40 033 .20 49 .024 6.0 101



5 Sept.97 -Jan. 99 Summary Jan.11/99
Substrate SUBSTRATE USE Products PRODUCTIVITY Yield
Batch [Xylose][Glucose] Qsx Qsg Biomass [EtOH] Xylitol Acetic Lactic Qp Max. Yp/s Yxis pH %C
# g/l o/l gX/ILlh gGA/n g/l o/l gl o/l gt gP/Llh p gP/gS gX/gS Recov.
Medium Composition: ZM; a=10mi/h DH20; b&e=10ml/h 1.5%Glu; =1 Oml/h 5%Giu (CP4:pZB5)
B149a 34.44 0.00 0.72 - 0.62 13.88 0.00 0.00 025 0.29 .24 .49 035 6.0 90
B149b 28.88 4.15 060 0.09 090 1280 0.00 000 042 027 .21 49 .024 60 105
B149e 2.18 2.25 036 009 030 217 0.00 0.00 0.03 009 .20 49 .068 6.0 100
B149f 1.68 6.39 0.28 027 042 397 0.00 000 004 017 .22 .49 052 6.0 99
Medium Composition: a&e=RM; b=ZM-NH4ClI, c&f=ZM, d=ZM1, f=10ml/h 5%Glu; CP4:pZB5
B150a 0.00 40.81 - 408 163 2069 000 0.00 0.00 230 .63 .51 .040 6.0 104
B150b 0.00 39.59 - 417 140 19.77 000 0.00 0.00 198 55 .50 .035 6.0 102
B150c 0.00 39.29 - 393 147 1998 0.00 0.00 0.00 200 .43 .51 037 6.0 104
B150d 0.00 40.20 - 441 162 2029 0.00 0.00 000 225 45 .50 .040 6.0 104
B150e 39.14 (0.00 0.82 - 0.73 18.81 0.07 0.00 2.07 0.39 .- 48 019 6.0 102
B150f 40.71  9.37 127 029 117 2267 0.03 0.00 020 0.71 .- 49 025 6.0 92
Medium Composition: b-f=ZM; b,e&f=CP4.pZB5
B151b 30.66 89.38 077 278 243 57.73 165 0.00 462 1.44 .43 .48 022 6.0 102
8151e 0.00 4.39 - 0.09 0.19 2.03 0.07 0.00 0.00 004 .19 .46 .019 6.0 97
B1511 0.00 14.23 - 0.30 0.48 691 0.20 000 0.00 0.14 30 .49 .025 6.0 100
Medium Composition: ZM1; a,c,e&f=CP4:pZB5
B152a 22.56 89.82 047 345 238 5394 0.00 0.00 0.00 1.t2 .36 .48 .021 50 97
B152¢c 30.58 89.11 080 371 242 5650 0.03 000 125 118 .34 .47 021 575 96
B152e 18.26 105.29 0.38 351 256 5957 0.00 0.00 001 124 36 .48 .022 5.0 97
B152f 31.11 105.59 065 406 271 6428 0.00 0.00 1.21 134 41 47 021 575 95
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% GLUCOSE or XYLOSE

4.5

0.0

O.D. 600 nm.

Growth of ATCC 39676:pZB4L in 1% or
2% ¢CSL + Zymo salts at pH 6.0 & 30°C

Zm B106 - 97/09/30 - 97/10/0%

Zm B106 - 97/09/30 - 97/10/01

~

5 10

15

T T T

)
20 25 a0 35

TIME (h)

1% NACAN <CSL
0.75% Glu & 3.90% Xyt
Biomass = 0.98 p/L.
] Y x/s = .031
] 1% GPC cCSL
*  0.76% Glu & 4.09% Xyl
Biomass = 1.22 g/L
Y x/s=.031
2% GPC cCSI.
L A 0.73% Glu & 4.02% Xyl
Biomass = 1.31 g/L.
Y s = 028
v TP Y YT T[T
1] 5 10 15 20 25 30 35 40
TIME (h)
Growth of ATCC 39676;pZBAL in 1% or
2% c¢CSL + Zymo salts at pH 6,0 & 30°C
I% NACAN cCSL 25
@ 0.75% Glucose &
| 3.90% Xylose 1
Qsg = 0.58 ¢/l ]
Qsx = 1.08 g/L/h 2.0
1% GPC ¢CSL o
& (.76% Glucose & o 157
©  4.09% Xylose %
Qsg = 0.63 g/L/h <=}
Qsx = 1.20 /LM =
=
. 1.0
=
2% GPC ¢CSL
A (.73% Glucose & ]
A 4.02% Xylose 0.5
Qsg=0.73 g/Lh
Qsx = 1.26 /LM Zm B106 - 97/09/30 - 97/10/01
0.0 T .. R e L R
40 0 5 10 15 20 25 30 35 40

TIME (h)

1% NACAN cCSL

0.75% Ghu & 3.90% Xyl
Qp =0.62 g/LM
EIOH Yield = 48

1% GPC ¢CSL

0.76% Glu & 4.00% Xyl
Qp = 0.69 LM
EtOH Yield = 49

2% GPC ¢CSL

0.73% Glu & 4.02% Xyl
Qp =0.72 gLl
EIOH Yield = 49



% GLUCOSE & % XYLOSE

0.0

Zm BI111 - 97/11/11 - 97/11/14

10 7

0.D, 600 nm.

A

Adapted strain in 0.4% Acetate

B 0.89% Glu & 4.04% Xyl-1%cCSL
Bi =120 g/L

Ll

9

Zm BIL1-97/11/11 - 97711114

eer UARALA aa ki RARAS LARED AIEAJ

TIME (h)

05560657076

T YYTrIYT

TIME (h)

Growth of original & adapted ATCC 39676:pZB4L
in 1% ¢CSL + Zymo salts + acetate at pH 6.0 & 30°C

Adapted strain in 0.4% Acetate
0.89% Glucose &
B 4.04% Xylose-1%cCSL
Qsg =0.64 g/L/h
Qsx =0.45 gL
Original strain in 0.4% Acetate
® (.B5% Glucose &
¢ 4.02% Xylose-1%cCSL
Qsg =0.65 g/L/h
Qsx =0.50 g/L/th

Adapted strain in 0.77% Acetate
®  0.91% Glucose &
O 4,03% Xylose-1%cCSL

Qsg =070 g/L/h

Qsx =0.39 g/l/h
Originat strain in 0,77% Acetate
& (.86% Glucose &
A 4.09% Xylose-1%cCSL

Qsg = 0.6t gLh

Qsx =041 g/Lh

0 5 101520253035 40455055

ey
80 657075

% ETHANOL

Y xfs = .035

Original strain in 0.4% Acctate

*  0.85% Glu & 4.02% Xyl-1%cCSL
Biomass = 1.01 g/L
Y x/s =.025

Adapted strain in 0.77% Acetate

B 091% Glu & 4.03% Xyl-1%cCSL
Biomass = 1.15 gL
Y xfs =.037

Orlginal strain in 0.77% Acetate

A 0.86% Glu & 4.09% Xyl-1%cCSL
Biomass = (.84 g/L
Y x/s = .027

0.5

0.04

ZmBI111-97/11/11 - 97/11/14

Growth of original & adapted ATCC 39676:pZB4L
in 1% cCSL + Zymo salts + acetate at pH 6.0 & 30°C

Adapted strain in 0.4% Acetate

8 0.89% Glu & 4.04% Xyl 1%cCSL
Qp = 0.28g/L/h
EIOH Yicld = 49

Original strain in 0.4% Acetate

®  0.85% Glu & 4.02% Xyl-1%cCSL
Qp =030 gL/
EtOH Yield = 48

Adapted strain in 0.77% Acctate

B 0.91% Glu & 4.03% Xyl-1%cCSL

Qp =024 gL/
EtOH Yield = 47

Original strain in 0.77% Acetate
& 0.86% Glu & 4.09% Xyl-1%cCSL

Qp =025 gL
EtOH Yield = 47

0 5 1015202530354045505560657075

TIME (h)



% GLUCOSE or % XYLOSE

Zm B112- 97/11/20 - 97/11/21

10 1

O.D. 6006 nm.

Growth of parent & adapted strains of
ATCC 39676;pZBA4L in ZM at pH 5.75 & 30°C

ZmB112-97/11/20 - 9111721 | ®

0.0 -7
0.0

r={-r-r ™rr-r

160  20.0
TIME (h)

™T
25.0 30.0

0.0

5.0 10.0 15.0

TIME (h)

Adapt.- 4.84% Glucose ZM
Qs =323 p/Lh

Par.- 4.84% Glucose ZM
Qs =4.04 g/LMh

Adapt.-0.81% Glucose &
4.03% Xylose ZM

Qsg = 0.81 g/Lh

Qsx = 1.68 g/L/h

Par.-0.82% Glucose &

4.05% Xylose ZM
Qsg = 1.03 g/L/h
Qsx = 1,27 g/lLih

% ETHANOL

8 Adapt.- 4.84% Glucose ZM

Biomass = 1.42 g/
Y x/s = 029

®  Par.- 4.84% Glucose ZM

Biomass = 1.36 ¢/L
Y /s = 028

W Adapt.- 0.81% Glu & 4.03% Xyl ZM

Biomass = 1.38 @/L.
Y xis = .029

A Par-0.82% Glu & 4.05% Xyt ZM

Biomass = 1.38 g/1.
Y x/s = 030

30.0
Growth of parent & adapted strains of
ATCC 39676;pZB4L in ZM at pH 5,75 & 30°C
25
204
154
1.0
051
f
] Zm B112-97/11/20 - 97/11/21
0.04 frerrr—y U
0.0 5.0 10.0 15.0 20.0 25.0 30.0
TIME (h)

Adapt.-4.84% Glucose ZM

Qp = 161 giLm
E1OH Yield = .50

Par.-4.84% Glucose ZM

Qp =158 gl/b
EIOH Yield = .49

Adapt.-0.81% Giu & 4.03% Xyl ZM

Qp = 1.01 glL/h
EtOH Yield = .50

Par.-0.82% Glu & 4.05% Xyl ZM

Qp=0.76 gL
FIOH Yield = .49



% XYLOSE

Zm B113 - 97/11/26 -97/11/28

10

0.D. 600 nm.

B adapt.-4.04% Xyl ZM
RBiomass = 0.56 /1.
Y ®/s =.036

®  Par-4.05% Xyl ZM
Biomass = 0.68 g/l
Y x/s =019

B adapt.-4.04% Xyl-1%cCSL
Biomass = 0.40 g/,
Y »s=.013

4 adapt.-4.04% Xy!-.25%¢cCSL+N
Biomass = 0.19 g/l
Y x/5 = .012

5 10 1

L) LIMALAL | LIl
5 20 25 30
TIME (h)

Growth of adapted & parent Zm ATCC 39676:pZB4L

in ZM & c¢CSL at pH 5.75 & 30°C

4.5
20
35
3.0
25
2.0
1.5
1.0

0.5

Zm B113 - 97/11/26 -97/11/28

0.0
0

5

1

A R a m A e e o
0 15 20
FIME (h)

T
25 30 35 40 45 50

D adapt.-4.04% Xylose ZM
Qs =051 g/L/h

®  Par.-4.05% Xylose ZM
Qs =0.73 gLM

B adapl. - 4.04% Xylose-1%cCSL
Qs = 0.63 g/L/h

4 adapt.-4.04% Xylose-.25%cCSLAN
Qs =034 g/'L/h

T
35 40

%ETHANOL

45

50

Growth of adapted & parent Zm ATCC 39676:pZB4L
in ZM & ¢CSL at pH 5.75 & 30°C

290

0.5

ZmBI113 - 97/11/26-97/11/28

15 20
TIME (h)

5

50

adapt.-4.04% Xylosc ZM
Qp =026 g/L/h
EtOH Yield = .50

Par.-4.05% Xylose ZM
Qp=036 gL
F{OH Yield = 49

adapt.4.04% Xylose-1%cCSL
Qp =031 g/Lh
E(OH Yield = .48

adapt.-4.04% Xylose-.25%cCSL+N
Qp=0.16 g/L/m
EtOH Yield = .47



0.D. 600 nm.

% GLUCOSE , % XYLOSE
or % ETHANOL

10

TTrTTITYTTTTY

L} L} L] 1 L] L} L)
15 20 25 30 35 40 45 &0 55 60

B adapt.-0.81% Gin &4.01% Xyl-1%5cCSL

Biomass = 0.89 g/l
Y x/s = .020

®  adaps.-0.79%G & 4.01%X-25%cCSL +N

Biomass = 0.79 g/L/h
Y x/s = .022

0 § 10
TIME {h)
Growth of Zm ATCC 39676:pZB4L
in ¢CSL at pH 5.75 & 30°C
45 T adapt.0.81% Glucose &
Zm B114-97/12/02 - 9112104 adapt.-. ucosc
® 4.01% Xylose-1%<cCSL
4.0 Qsg = 0.90 g/L/m
Qsx = Q.73 g/L/h
3.5 B FOH Yield = 48
Qp=10.42 g/L/
3.07
25
2.0 *  adapt.-0.79% Glucose &
®  4.01% Xylose-0.25%cCSL+ N
1.5 Qsg = 0.79 gL/
Qsx =114 g/Lh
1.0 + EOH Yicld= 48
Qp =065 gL
0.5
00 Frreyy T T 1 1 v L} T L} b
0 5 13 15 20 25 30 35 40 45 650 55 60

TIME (h)

% GLUCOSE or XYLOSE

O.D. 600 nm.

Growth of Zm ATCC 39676:pZBA4L in
ZM with high Xylose at pH 5.75 & 30°C

+ Par.-2.46% Glu & 9.96% Xyl ZM
Biomass =2.25 g/l
Y x/s= 018

Par.-3.03% Glu & 12.05% Xyl ZM
Biomass = 0.90 g/L.
Y xfs = 027

10
1.1
-
Zm B114 - 97/12/02 - 97/12/05
.1 M T T LA Al | ¥ L L] L} T 1 L) il L]
¢ 5 1015 20 25 30 35 40 45 50 55 60 65 70 75
TIME (h)
Growth of Zm ATCC 39676:pZB4L. in
ZM with high Xylose at pH 5.75 & 30°C
15

Zm B114 - 97/12/02 - 97/12/05

e e

10 4

0‘ LA L}
0 65 10

TYFrYrrerIrTTYYY

5 20 25 30 35 40 45 50 55 60 65 70 75

TIME (h)

+  Par.-2.46% Glucese &

X 9.96% Xylosc ZM
Qsg = 1.45 g/l
Qsx = 1.03 g/Lh

B Par-10%X-EIOH
Qp=064gL
EOH Yield = 47

@ Par.-3.03% Glucose &

B 12.05% Xylose ZM
Qsg =0.25 g/l
Qsx =0.20 gL

7 Par-12%X-E(OH
Qp=021glh
EtOH Yicld = 47



% GLUCOSE or XYLOSE

Zm B116 - 97/12/16 - 97/12/18

10
B adapt.-0.80% plu & 4.05% ryl-1% ¢CSL
Biomass = 0.89 g/L
Y x/s = .020
®  par.-0.77% glu & 4.05% xyl-1%cCSL
. Biomass = 0,91 g/L
E Y w5 =.021
=
-
g 7
' B adapt.-0.79%gl & 4.08%xy-.25%cCSLAN
= Biomass = 0.66 g/L
o] Y xfs = 018
A par-0.80%gl &4.04%xy- 25%cCSLAN
Biomass = 0.69 p/L
Y x/s = 026
At T T T T T T T TTrrrprerr
0 5 10 15 20 25 30 35 40 45 50
TIME (h)
Growth of adapted & parent strains of Zm
Growth of adapted & parent strains of Zm ATCC 39676:pZB4L in ¢CSL at pH 5.75 & 30°C
ATCC 39676:pZB4L in ¢CSL at pH 5.75 & 30°C
a5 3.07 @ adapt,-0.80%glu & 4.05% xyl-1%cCSL
: 8 adapt.-0,80% Glucose & 1 Qp = 0.65 g/L/h
ZmB116-97/12/16-9112/18 | o 4.05% Xylose-1%¢CSL ] Y s = A8
Qsg=L00 g/L/h 2.5
Qsx=1L12gLm
] ®  par-0.77% plu & 4.05% xyl-1%eCSL
*  par-0.77% Glucose & par.-Q.77% g Y
& 4.05% Xylose-1%cCSL o 207 Qn = 0.78¢/1.h
Qsg = 0.96 gL/ 2 EtOH Yicld = 49
Qsx = 1.35 gfi/h e
g 15
= 157
B adapt-0.79% Glucose & b= B adapl.-0.79%glud4.08%xyl- 25%cCSLAN
O 4.08% Xylose-25%cCSL + N = Qp=0.59 g/L/h
Qsg = 0.66 g/L/ E EtOH Yield = .48
Qsx = 1.02 g/L/h :
& par.-0.80% Glucose & & par.-0.80%glu&d.04%xyl-.25%cCSL+N
& 4.04% Xylose-25%¢CSL + N 0.5 Qp =048 g/L/h
Qsg = 0.73 gL ] EtOH Yield = 47
Qsx =0.84 gL/ 1 ZmBl16 - 97/12/16 - 97/12/18
004 }
0 5 10 15 20 25 30 35 40 45 50

0 5 10 15 20 25 30 35 40 45 50

TIME (W)
TIME (h)



% GLUCOSE & XYLOSE

Zm B118 - 98/01/14 - 98/01/15

©  Par-1%cCSL-.79% glu & 4.02% xy]
Bicmass = 1.18 g/L.

Y x/s =028

& Adapt-1%cCSL-0.86% glu & 4.01% xyl
Biomass = 1.06 g/L.

Y x/s = 026

B Par-25%cCSLAN-0.81%glu & 4.06%xyl
Biomass = 1.05 g/L.

Y wis = 022

0.D. 660 nm.

& Adant-25%cCSLIN-85%gl &4.02%xyl
: ATt v A e

Y w5 = 022

A ey LML |

LI L)
0 5§ 10 15 20 25 30 35 40 45 50

TIME (h)
Growth of adapted & parent strains of Z.mobilis
2,}‘{;"(‘3"332?,2:;}’7“"'1;'4{‘ ll::‘:ec"s‘lf‘;fégfa“;é‘l;ﬁ"s"};'; & 30°C ATCC 39676:pZBAL in cCSL Media at pH 5.75 & 30°C
45 25 Par-1%¢CSL-0.79% gl & 4.02% xyl
Zm B118 - 98/01/14 - 98/01/15 | T Par-1%CSL-79%glu & Qp = 0.69 gL/
- (;égll%l x:?‘;!.oﬁm EtOH Yield = .48
Qsx = LIR gL 2.0
: :gli‘%-l'%;CSL-O.Bﬁ% gln & & Adapt-1%cCS1-0.86% glu & 4.01% xyl
A Xylosc
> ] Qp=0.62 gL
e o ‘é,’tf,: '%‘ 1.5 EtOH Yield = 48
a 4"“6355:’;.%‘53 LN-081% g & £ W Par 25%cCSLAN-0.81%gl & 4.06%xyt
Qsg=1.35 gL 40 Qp =045 gL
Qsx = 0.77 /LM ® EIOH Yield = 48
& Adepl-25%cCSL+N-85%glu & : ]
A 4.02% xylose 05 & Adapt-25%¢CSLAN-85% gi&d.02%nyl
Qsg = 1.04 g/L/h ] Qp= 0.'{'3 gL
Qe = 126 gL ZmB118 - 9801/14 - 95/01/15 | BOMYId= 48
0.0 0.0 #ré ey T T T YT T
T e an mE 4 0 5 10 15 20 25 30 35 40 45 50

0 5 10 15 20 25 30 35 40 45 50

TIME (h) TIME (h)




% GLUCOSE or % XYLOSE

Growth of adapted strain of Z,m. ATCC 39676:pZB4L

Zm B119 - 98/01/20 - 98/01/22

10

O.D. 600 nm,

.1

0 5 10156202530354045505560657075
TIME (h)

in ¢CSL media +/-( NH4)2HPO4 at pH 6.0 & 30°C

4.5
4.0
3.51
3.0

2.5

0 5 101520253035 4045505560 657075

Zm B119 - 98/01/20 - 98/01/22

TIME (h)

0.40% sacetic acid
0.80% glucose &
4.04% xylose-1%cCSL
Qsg=0.62g/Lh
Qsx =0.94 g/L/h

0.75% acetle acld

0.79% glucose &
4.05% xylose-1%cCSL
Qsg =0.56 g/L/h
Qsx =084 g/L/h

0.97% acetic acld
0.81% plucose &
4.05% xylose-1%cCSL

Qsp = 0.56 g/Lh

Qsx = 0.53 gL/

0.40% acetic acld
0.78% glucese &

4.01% xylose-.25% ¢CSL + N

Qsg = 0.43 gL
Qsx = 1,05 g/L/h

% ETHANOL

0.40% acetic acid

0.80%glu & 4.04% xyl-1%cCSL

Biomass = 0.87 g/l
Y a/s = 018

0.75% acetic acid

0.79% glu & 4.05% xyl-1%cCSL

Biomass = 0.81 g/L
Y w5 =.017

0.97% acetie acid

0.81% glu & 4.05% xyl-1%cCSL

Biomass = 0,66 g/l
Y x/s = .014

0.40% acetic acid

0.79% glu & 4.01% xyl-.25%cCSL + N

Biomass = 0.91 g/L
Y x/s = 019

Growth of adapted strain of Z.m, ATCC 39676:pZB4L
in ¢CSL media +/-( NH4)2HFO4 at pH 6.0 & 30°C

2.5

1.0

0.5+

Zm B119 - 98/01/20 - 98/01/22

0 56 1015202530354045505560 657075
TIME (h)

0.40% acetic acld
0.80% glu & 4.04% xy!-1%cCSL,

Qp=0.54 gL
EtOH Yield = 48

0.75% acetic acid

0.79% glu & 4.05% xyl-1%cCSL
Qp=048 g/l
ELOH Yield = 47

0.97% acetic acid
0.81% glu & 4.05% xyl-(%cCSL
Qp=031gLh
E10H Yield = 48

0.40% acetic acld
0.78% glu & 4.0196 xyl- 25%cCSL + N

Qp = 0.62 g/LA:
EOH Yield =49



Zm B120 - 98/01/27 - 98/01/29
0.40% acetic acid

9  Parent-0.80% ghn & 4.07% xyl ZM
Biomass = 0.88 g/L.
Y x/5 =.025

®  Adapl.-0.83% glu & 4.06% xyl ZM
Biomass = 0.87 g/L.
Y x/s =.019

0.75% acetic acid

B Parent-0.81% glu & 4.02% xyl ZM
Biomass = 0.70 g/L
Y x/s =.021

A Adapl.-0.83% glu & 4.03% xyl ZM
Biomass = 0.79 g/U
Y x/s=.022

0.0% acetic acid
+  Parent-0.83% glu & 4.04% xyl ZM.
Biomass = 1.38 g/L
Y x/s = 035

A v

T ey
0 5 10 15 20 25 30 85 40 45 50° Adipt-087%glu&4.03%xylZM
Biomass = 1.34 /L.

TIME (h) Y /s = 032

TTrITTYYTTTY T | RARAN BALS

Growth of parent & adapted ATCC 39676:pZB4L

Growth of parent & adapted ATCC 39676:pZB4L
n ZM at pH 5.75 or 6.0 & 30°C +/- acetic acid

in ZM at pH 5.75 or 6.0 & 30°C +/- acetic acid

% GLUCOSE or % XYLOSE

45 0.40% acetic acid 0.40% acetle acid
. 2.
ZmBI120-98/01/27 -98/01/29 | @ Faren-0.40% Glucose & %] Parent-0.80% alu & 4.07% xyl ZM
Qsg = 1.33 gL =0.52 gL
Qsx = 0.90 g/L/h EtOH Yield = 48

15 20 25 30 35 40 45 50

®  Adapt.-0.83% Glucose &
®  4.06% xvlose ZM
g/Lh

0.0% acetic acld

+  Parent-0.83% plucose &

X 4.04% xylose ZM
Qsx =135 g/L/h

©  Adapt.-0.87% Glucose &

®  4.03% xylose ZM
Qsx = 1.55 g/L/

Zm B120 - 98/01/27 - 98/01/29

YT YT

25 30 35 40 45 50°
TIME (h)

T TrTrrY

Adapl.-0.83% glu & 4.06% xyl ZM

Qsg=1.36 Qp=0.69g/Lh
Qsx=1.19g/L/ EtOH Yield = 48
0.75% acetic acld 3 0.75% acetic acid
W Parent-0.81% Glucose &
B 4.02% xylos; M E = . )
Qs = 104 g o PQnrento(kgl% olu & 4.02% xyl ZM
=1, = p = 049 glL/h
Qsx = 0.84 g/L/h = 1.0 FtOH Yield = 48
A Adapt.-0.83% Glucose & 2 ’
a 8‘03%1"3‘1‘0“ M @ Adapt-0.83% glu & 4.03% xyl ZM
5g = 1.04 g/l /h 4 Qp =0.65 g/L/h
Qsx=1.12g/L/M EtOH Yield = 48

0.0% acetic acid

Parent-0.83% gt & 4.04% xyl ZM
Qp=079 g/Lhh
EtOH Yield = .48

Adapt.-0.87% glu & 4.03% xyl ZM
Qp = 0.90 g/L/
E1OH Yield = 48



% GLUCOSE or % XYLOSE

Growth of adapted & parent ZM ATCC 39676:pZB4L

Zm B121 - 98/02/03 - 98/02/06

10

O.D. 600 nm.

-
1

& Zm CP4:pZBS In ¢cCSL Media at pH 6.0 & 30°C

4.5
4.0
3.5

3.04

2.0
151
1.0
L
057

Zm B121 - 98/02/03 - 98/02/06

0.0

TrTrTYYTOT TrrrTTTYTIT Y

Q 5 IO15202530354045505560657075

TIME (k)

LR AR RS MAALY RAAAN LALRI AARANLALAY &)

0.40% acetic acid

Parent-0.82% glu &
4,02% xyl-.25% cCSL +N
Qsg =082 g/lLh

Qsx =0.44 g/L/h

1.0% acetic acid

Adapt-0.81% elucose &
4.04% xy1-1% cCSL
Qsg = 0.58 g/Lh
Qsx=0.51 g/l/h

Parent-0.82% glucose &
4,07% nyl-1% cCSL
Qsg =059 g/l

Qsx = 0.34 g/L/h

CP4:pZB35-0.87% glucose &
4.07% xyl-1% cCSL

Qsg = 0.62 gL

Qsx = 0.56 g/L/

% ETHANOL

" 0.5

10 15202580 35 404560 55 80 65 70 75
TIME (h)

0.40% acetic acid

Par-0.82%g| &4.02%xy- 25%cCSIL+N
Riomass = 0.61 g/L,
Yais =.030

1.0% acetie acid

Adapl-0.81% plu & 4.04% xyl-1%cCSL
Bicmass =0.72 g/L
Y x/s = .022

Parent-0.82% glu & 4.07% xyl-1%cCSL
Biomass = 0.63g/L.
Y x/s = 025

CP4:pZB5-0.87%gl &4.07%xyi-1%cCSL
Biommss = 0.74 g/L.
Y x/s =.018

Growth of adapted & parent ZM ATCC 39676:pZB4L
& Zm CP4:pZBS5 in cCSL Media at pH 6.0 & 30°C

0.40% acetic acld

25

2,04

1.0

0.0 4

@ Parent-0.82%gl & 4.02%xy-.25%cCSL+N
Qp =027 g/Lh
EiOH Yield = 48

1.0% acetic acid

®  Adapt-0.81% glu & 4.04% xyl-1%cCSL
Qp =029 gL/
EtOH Yield = 48

W Parent-0.82% glu & 4.07% xyl-1%cCSL
Qp=022 gLh
E1OH Yield = 48

A& CPA:pZBS-0.87% glu & 4.07% xyl-1%cCS

Qp =033 g/L/h
EtOH Yield = 48
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Biomass = 1.90 g/L
Y x/s = .040

¢ Adapt.-4.82% Glu ZM
Biomass = 1.71 g/L
Y xfs =.035

TIME (h)

Growth of adapted & parent Zm ATCC 39676:pZB4L
in Glucose Zymo Media at pH 5,75 & 30°C

o Parent-4.79% Glucose ZM
Qs =479 g/LM

B Qp=229g/LM
EtOH Yield = .48

®  Adapt.-4.82% Glucose ZM
Qs =344 g/

® Qp=165gLm
EtOH Yield = 48
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Growth of adapted & parent Zm ATCC 39676;pZB4L
in Glucose Zymo Media at pH 5.75 & 30°C

Parent-4.79% Glu ZM
Biomass = 1.90 g/L.
Y w/s = .040

®  Adapt.-4.82% Ghn ZM
Biomass = 1.71 g/l
Y xfs = .035

¢ Ad-BLI2-Glu
| Parent-B112-Glu

TIME (h)

Growth of adapted & parent Zm ATCC 39676:pZB4L
in Glucose Zymo Media at pH 5.75 & 30°C

B Parent-4.79% Glucose ZM
Qs =4.79 g/L/h

®  Adapt.-4.82% Glucose ZM
Qs =344 glL/h

®  Adapt-B112-Glu
B Parent-B112-Glu
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Growth of parent & adapted ATCC 39676:pZB4L
in 1% ¢CSL at pH 5,5.5 7 6 & 30°C
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Parent strain + 0.4% acetate

pH 5.0-0.89% glucose &
4,03% xylose -1%cCSL
Qsg =064 g/L/h

Qsx = 0.57 g/L/h

pH 5.5-0.89% glucose &
4.02% xviose -1%cCSL
Qsg =0.74 g/L/h
Qsx =072 g/Lh

pil 6.0-0.86% plucose &
4.06% xylose -1%cCSL,
Qsg=0.72 g/Lm

Qsx =081 g/lh

Adapted strain + 0.4% acetate

L)
a

pH 5.0-0.85% glucose &
4.08% xylose -1%cCSL
Qsg = 0.61 g/L/h
Qsx = 0.85 g/L/h
pH 5.5-0.86% glucose &
4.00% xylose - 1%cCSL
Qsg=0.71 g/l
Qsx = 0.91 g/l./h
pH 6.0-0.89% glucose &
4.06% xylose - 1%cCSL
Qsg = 0.64 p/L/
Qsx = 1.01 g/Lih

\RE L

35 40 45 50 55

% ETHANOL
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Growth of parent & adapted ATCC 39676:pZB41.
in 1% ¢CSL at pH 5,5.57 6 & 30°C

Parcnt strain + 0.4% acetate

pH 5.0-0.89%glu & 4.03%xyl-1%cCSL
Biomass = 0.73 g/1.
Y x/s =019

PpH 5.5-0.89%glu & 4.02%xyl-1%cCSL
Biomass = 0.96 ¢/L.
Y /s = 034

pH 6.0-0.86%glu & 4.06%xyl-1%cCSL
Biomass = 1.06g/L.
Y afs =022

Adapted strain + 0.4% acetate

pH 5.0-0.85%glu & 4.08%xyl-1%cCSL
Bicmass = 0.88g/L
Y %s =.018

pH 5.5-0.86%glu & 4.00%xyl-1%cCSL
Biomass = 1.04 g/L
Y x/s =035

pH 6.0-0.89%glu & 4.06%xyl-1%cCSL
Biomass = 1.18 g/L.
Y x/s = 024
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Zm B125 - 98/03/10 - 98/03/13

TIME (h)
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©

Parent straln + 0.4% acetate

pH 5.0-0 89%glu & 4.03%xyl-1%cCSL
Qp =035 gL/
FtOH Yield = .48

pH 5.5-0.89%glu & 4.02%xy!-1%cCSL
Qp =044 g/1/h
E(OH Yield=.50

pH 6.0-0.86%glu & 4.06%xy1-1%cCSL
Qp =048 gL/
EtOH Yield = 49

Adapted strain + 0.4% acetate

plt 5.0-0.85%gln & 4.08%xyl-1%cCSL
Qp =051 gk
EIQH Yield =50
pH 5.5-0.86%glu & 4.00%xyl-1%4cCSL
Qp=0.55 gL/
EIOH Yield = .50
pH 6.0-0.89%ghe & 4.06%xy1-1%cCSL
Qp =061 gLh
EtOH Yield = 49
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C107- 98/01/28-98/02/13
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE PRODUCTS PRODUCTIVITY YIELD
Date pH [Glu] [Xyl] Residuai BiomassEtOH Xylitol Lactate Acetate D Qp dp Y p/s Conversion %G

g/l o/l [Xy] (/L) g/L g/l g/lL? g/L g/L hrl g P/L/h g Plgcelth g P/g Glu Efffic (%) Recovery

C107- Medium=ZM( 5¢/L YE + Zymos salts +.8g/L NH4Cl) ( flow started 20 h after inoculation)

98/01/29 5.7524.73 25.68 4.78 1.65 21.91 0.00 3.08 0.00 .000 - - .48 94 104
98/01/30 5.75 8.22 40.43 1.81 1.35 22.77 0.00 0.26 0.00 .040 0.91 0.67 .49 96 99
98/02/02 5.75 8.2240.43 7.86 1.23 19.000.00 2.38 0.00 .040 0.76 0.62 .47 92 100
98/02/03 5.75 7.29 35.66 12.68 090 1415 0.05 2.08 0.00 .059 0.83 0.93 .47 92 101
98/02/04 5.75 7.29 35.66 11.02 1.11  15.07 0.24 1.38 0.00 059 089 0.80 A7 92 101
98/02/05 5.75 7.2935.66 10.26 1.02 15.690.60 1.80 0.00 .059 0.93 0.91 .48 94 104
98/02/06 5.75 7.2936.6610.20 1.08 15.28 0.00 1.70 0.00 .059 0.90 0.83 A7 92 100 |
98/02/09 5.75 8.72 40.37 12.51 1.06 17.45 0.00 1.11 0.00 .040 0.70 0.66 48 94 100 i
98/02/10 5.75 8.72 40.37 17.33 1.06 15.02 0.00 2.30 0.00 .060 0.90 0.86 47 92 102
98/02/11 5.75 8.72 40.37 14.81 0.80 16.55 0.00 1.51 0.00 078 1.29 1.43 48 94 101
98/02/12 5.75 8.7240.37 14.87 1.02 16.310.00 1.02 0.00 .078 1.27 1.25 .48 94 100
98/02/13 5.75 8.72 40.37 15.18 1.02 16.24 0.00 0.77  0.00 .080 1.30 1.27 .48 94 100
98/02/16 5.75 8.4040.3027.28 1.10 10.120.00 1.17 0.00 .104 1.05 0.96 .47 92 102

-terminated experiment

* Biomass measured by fiter method;
only lines in bold are at steady state
? unknown presumed to be xylitol
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C109- 98/02/17-98/03/11
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xyl] Residual BiomassEtOH Xylitol Lactate Acetate D Qp dp Y pis Conversion %G

g/l  g/L  [XyI (/L) g/L g/l g/L? g/t g/l hrrl g P/LUh g Plgcellh g P/g Glu Efffic (%) Recovery

C109 - Medium=1%cCSL + Zymos salts ( flow started 18 h after inoculation)

98/02/18 5.7524.03 11.95 3.63 093 16.18 0.00 0.02 0.00 .000 - - .50 98 101
98/02/19 5.75 7.83 40.05 1.56 1.29 21.18 0.00 293 0.00 .040 0.85 0.66 .46 90 99
98/02/20 5.75 7.83 40.05 5.74 1.38 19.91 0.00 2.87 0.00 .040 0.80 0.58 A7 92 103
98/02/23 5.75 7.83 40.05 6.94 1.05* 19.620.00 2.89 0.00 .039 0.77 0.73 .48 94 103
98/02/24 5.75 7.83 40.05 5.36 1.05 20.290.89 2.38 0.00 .039 0.79 0.75 .48 94 103
98/02/25 5.75 7.57 39.01 5.33 1.14 19.14 0.59 285 0.00 .045 086 0.76 46 80 102
08/02/26 5.75 7.57 39.01 8.55 1.26 17.31 0.79 2.09 0.00 .058 1.00 0.80 .46 90 102
98/02/27 5.75 7.57 39.01 8.26 0.90 18.11 0.28 2.28 0.00 .057 103 1.15 47 92 102
98/03/02 5.75 7.57 39.01 7.14 0.96 18.490.28 2.34 0.00 .057 1.05 1.10 .47 92 101
98/03/03 5.75 7.57 39.01 12.39 0.96 16.04 0.00 2.43 0.00 .080 1.28 134 47 92 102
98/03/04 5.7 7.57 39.0112.89 0.91 15.050.89 2.30 0.00 .080 1.20 1.32 .45 88 100
98/03/05 5.75 7.77 39.3711.55 0.99 15.750.89 2.53 0.00 .080 1.26 1.27 .44 86 100
98/03/06 5.75 7.77 39.3712.36 0.99 15.690.31 2.39 0.00 .080 1.26 1.27 .45 88 100
98/03/09 5.75 7.77 39.3715.76 0.90 13.910.90 1.75 0.00 .094 1.31 1.45 .44 86 102
98/03/10 5.75 7.77 39.3715.96 0.91 14.200.48 2.40 0.00 .094 1.33 1.47 .46 90 101

98/03/11 - terminated experiment

* Biomass measured by filter method;
only lines in bold are at steady state
? unknown presumed to be xylitol
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C110- 98/02/17-98/02/20
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xyl] Residual BiomassEtOH Xylitol Lactate Acetate D  Qp dp Y p/s Conversion %G

g/L g/l [Xyl}{g/L) g/L g/l.  o/L? g/l g/L hr'l g P/L/h g Pigcelllh g P/ig Glu Efffic (%) Recovery

C110 - Medium=1%cCSL + Zymos salts ( flow started 18 h after inoculation)

98/02/18 5.75 26.08 12.05 2.37 1.11 17.81 0.00 0.04 0.00 000 - - .50 98 101
98/02/19 5.75 18.95 30.47 3.70 1.41 19.92 0.00 4.80 0.00 039 0.78 0.55 44 86 100
98/02/20 5.75 18.95 30.47 b5.45 1.44 20.19 0.00 3.08 0.00 039 0.78 0.55 .46 90 101
98/02/235.7518.9530.47 1.90 1.17* 21.890.26 2.91 0.00 .039 0.85 0.73 .46 90 100
98/02/245.7518.9530.47 1.37 1.23 22.021.31 2.91 0.00 .038 0.84 0.68 .46 90 101
98/02/25 5.75 17.54 30.13 8.64 1.23 17.44 1.58 3.42 0.00 044 0.77 0.62 45 88 103
98/02/26 5.75 17.54 30.13 9.41 1.11 17.54 0.36 2.48 0.00 063 1.1 0.78 .46 90 101
98/02/275.7517.5430.13 3.62 1.14 20.330.65 2.40 0.00 .058 1.18 1.03 .46 90 100

98/03/02- pH controlter failed - experiment terminated

* Biomass measured by filter method;
only lines in bold are at steady state
? unknown presumed to be xylitol
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C111- 98/03/03-98/03/13
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS

Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xy] Residual Biomass EtOH Xylitol Lactate Acetate D Qp dp Y p/s Conversion % C

g/l g/l [Xyl(g/L) o/l g/L g/L? g/L o/l hr'l g P/LUh g Pigcellh g Pig Glu  Efffic (%) Recovery

C111- Medium=1%cCSL. + Zymos salts ( flow started 20h after inoculation)

98/03/04 5.75 26.44 31.30 18.83 1.44 16.27 0.00 0.50 0.00 000 - - .50 98 103
98/03/05 5.75 18.56 30.12 10.52 1.10 17.80 0.00 2.79  0.00 040 0.71 0.65 .47 92 102
98/03/06 5.75 18.56 30.12 7.87 1.05 19.63 0.47 1.67 0.00 040 0.78 0.75 .48 94 102
98/03/09 5.7518.5630.12 5.60 1.05 20.380.23 2.14 0.00 .040 0.82 0.78 47 92 101
98/03/10 5.75 18.56 30.12 9.21 1.05 18.55 0.41 1.48 0.00 059 1.02 1.04 47 92 100
98/03/11 5.7518.5630.12 7.18 1.14 19.730.88 2.37 0.00 .057 1.12 0.99 .48 94 103
98/03/12 5.75 17.69 30.09 11.43 085 17.25 0.68 1.26 0.00 .083 143 1.5 A7 92 101
98/03/13 5.7517.6930.0910.43 0.95 17.800.59 1.34 0.00 .080 1.42 1.50 .48 94 101

‘terminated experiment

* Biomass measured by filter method;
only lines in bold are at steady state
? unknown presumed to be xylitol
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C112- 98/03/26-98/04/30

OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS

Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xyl] Residual BiomassEtOH Xylitol Lactate Acetate D  Qp dp Y pis Conversion % G
g/t g/L [Xyl] (@) g/L /L g/L? g/L g/L hr-l g P/L/h g Pigcelllh g P/g Glu Efffic (%) Recovery

C112- Medium=1%cCSL + Zymos salts ( flow started 20h after inoculation)

98/03/27 5.75 25.0 25.0 15.20 111 16.75 0.00 0.43 0.00 .000 - - .48 94 99
98/03/30 5.75 18.34 31.00 8.18 1.01  19.96 0.00 0.56 0.00 .039 0.78 0.77 48 94 99
98/03/31 5.75 18.34 31.00 5.75 1.05 20.31 0.00 2.40 0.00 039 0.79 0.75 47 92 100
98/04/0t 5.75 18.34 31.00 5.61 1.16* 20.42 0.00 2.25 0.00 .039 080 0.69 47 92 100
98/04/02 5.7518.3431.00 5.67 1.25* 20.700.00 2.36 0.00 .039 0.81 0.65 .47 92 101
98/04/03 5.7516.9029.23 3.66 1.25 19.800.00 2.34 0.00 .039 0.77 0.62 .47 92 100
98/04/04 5.7516.9029.23 4.20 1.25 19.68 0.00 2.09 0.00 .039 0.77 0.61 .47 92 100
98/04/06 5.7516.9029.23 3.42 1.25 20.110.00 2.10 0.00 .039 0.78 0.63 .47 92 101
98/04/07 5.75 16.90 29.23 9.03 1.04 17.38 0.00 2.04 0.00 062 1.08 1.04 47 92 100
98/04/08 5.75 16.90 29.23 13.86 1.27 14,89 0.00 1.81 0.00 .060 0.89 0.70 .46 90 100
98/04/09 5.75 16.90 29.23 11.08 1.24 15.69 0.00 1.81 0.00 060 094 0.76 .45 88 98
98/04/14 5.7517.4029.41 8.86 0.87* 17.450.00 1.81 0.00 .060 1.05 1.20 .46 90 98
98/04/15 5.7517.4029.41 8.37 0.87 17.810.00 2.38 0.00 .057 1.02 1.17 .46 90 100
98/04/16 5.75 17.40 29.41 6.89 0.99 18.63 0.00 2.00 0.00 080 149 1.51 47 92 99
98/04/17 5.75 18.14 29.68 14.68 0.99 156.38 0.00 1.29 0.00 080 1.23 1.24 .46 90 99
98/04/20 5.00 18.14 29.68 8.60 1.01 18.94 0.00 0.92 0.00 080 1.52 1.50 .48 94 99
98/04/21 5.75 18.29 30.34 7.89 0.99 19.59 0.00 1.72  0.00 .080 1.57 1.58 A8 94 101
98/04/22 5.7518.2930.34 8.51 0.99* 18.810.00 1.35 0.00 .080 1.50 1.52 47 92 98
98/04/23 5.7518.2930.34 8.69 0.99 18.66 0.00 1.64 0.00 .080 1.49 1.51 .47 92 99
98/04/24 5.7518.2930.34 9.07 0.99 18.350.00 1.86 0.00 .080 1.47 1.48 .46 90 99
98/04/27 5.75 18.29 30.34 8.76 0.99 18.64 0.00 1.72  0.00 .089 166 1.68 47 92 99
98/04/28 5.75 18.29 30.34 16.82 0.86 15.47 0.00 1.77 .0.00 .t00 155 1.80 .48 94 103
98/04/29 5.7518.2930.34 6.82 0.92* 19.67 0.00 0.76 0.00 .101 1.99 2.16 .47 92 97
98/04/30 5.7518.2930.34 5.25 1.04 20.640.00 0.21 0.00 .098 2.02 1.94 .48 94 97

-* Biomass measured by filter method;
-only lines in bold are at steady state
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C122- 98/07/22 - 98/08/04
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS

Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xyl] Residual BiomassEtOH Xylitol Lactate Acetate D  Qp dp Y p/s  Conversion % C

g/l g/l [Xyll (L) g/L g/l glL? g/l g/L hr-1 g P/L/h g Pigcelih g Pig Glu Efffic (%)  Recovery

C122- Medium=ZM( flow started 24h after inoculation)

98/07/23 5.75 20.94 29.40 3.72 1.38* 22.80 0.05 0.24 0.00 .000 - - .49 96 100
98/07/24 5.75 24.40 25.87 3.94 1.26 22.02 0.00 0.24 0.00 .039 0.86 0.68 .48 94 97
98/07/27 5.75 24.40 25.87 7.02 1.14 20.44 0.00 3.48 0.00 .039 0.80 0.70 .47 92 103
98/07/28 5.75 24.40 25.87 7.07 1.08 20.66 0.00 3.04 0.00 .040 0.83 0.77 .48 94 103
98/07/29 5.7524.4025.87 3.73 0.90 22.190.00 3.11 0.00 .040 0.89 0.99 .48 94 102
98/07/30 5.7524.4025.87 4.78 0.78* 21.16 0.00 3.84 0.00 .040 0.85 1.09 .47 92 101
98/07/31 5.7524.4025.87 3.65 0.78 21.670.00 3.46 0.00 .039 0.85 1.08 .46 90 100
98/08/04 5.7524.4025.87 8.93 0.87* 19.57 0.00 2.84 0.00 .059 1.15 1.32 .47 92 102

-terminated experiment
* biomass measured by filter
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C125- 98/09/15 - 98/10/02
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIOCNS
Sugar conversion by “adapted” Zymomonas mabilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xyll Residual BiomassEtOH Xylitol Lactate Acetate D  Qp do Y prs  Conversion % C
g/lL g/l [Xyl () g/L g/L  g/L? g/L a/L hr-1 g P/L/h g Plgcelllh g P/ig Glu Efffic (%) Recovery
C125- Medium=RM( flow started 20h after inoculation)
98/09/16 5.75 26.14 24.18 1.74 1.95* 23.98 0.00 0.00 0.00 .000 - - .49 96 101
Medium=1%cCSL + 1.8mM MgS04
98/09/17 5.75 24.87 25.21 5.67 1.35 20.65 0.00 2.33 0.00 040 0.83 0.61 46 90 100
98/09/18 5.75 24.87 25.21 10.70¢ 1.20 17.27 0.00 3.55 0.00 .039 0.67 0.56 .48 94 107
98/09/21 5.7524.8725.21 13.90 0.75 17.010.00 2.92 0.00 .039 0.66 0.88 .47 92 102
-stopped flow for 22hours
98/09/22 5.75 24.87 25.21 10.23 0.93 18.50 0.00 3.68 0.00 .000 - - 46 90 102
98/09/23 5.75 24.87 25.21 12.61 0.90 17.52 0.00 2.26 0.00 .039 0.68 0.76 47 92 100
98/09/24 5.75 24.87 25.21 12.74 0.90 17.63 0.00 2.36 0.00 .039 0.68 0.80 A7 92 101
98/09/25 5.7524.8725.2113.03 0.87 17.570.00 2.54 0.00 .039 0.69 0.79 .47 92 102
98/09/28 5.7524.8725.2115.35 0.93* 16.720.00 3.30 0.00 .059 0.99 1.06 .48 94 105
98/09/29 5.7524.8725.21 156.29 0.93 16.720.00 3.08 0.00 .059 0.99 1.06 .48 94 104
98/09/30 5.75 24.87 25.21 1535 0.78 16.26 0.00 3.10 0.00 076 1.24 1.58 47 92 102
98/10/01 5.7524.8725.21 15.58 0.77* 15.920.00 2.56 0.00 .074 1.18 1.53 .46 90 100
98/10/02 5.7524.8725.21 18.28G 0.74* 13.690.00 0.28 0.00 .095 1.30 1.76 .47 92 298

-terminated experiment
* biomass measured by filter
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C131 - 98/10/20-98/11/16
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “xylose-adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE PRO TS PRODUCTIVITY YIELD
Date pH [Glu] [Xyl] Residual BiomassEtOH Xylitol Lactate Acetate D Qp Up Y p/s Conversion % C

g/L g/t [Xyll(g/L) g/l gL oL? gL g/l hrt g P/Lh gPigcellth  gPlgGlu Efffic (%) Recovery

C131- Medium=ZM (flow started 18h after inoculation)

98/10/21 5.756 12.93 37.63 9.36 1.47* 20.54 0.00 0.19 0.00 000 - - .50 98 102
98/10/22 5.75 14.43 40.51 12.02 0.90 19.89 0.79 1.23 0.00 .038 0.76 0.84 46 90 98
98/10/23 5.75 14.43 40.51 15.72 0.65 18.49 0.13 1.60 0.00 037 0.68 1.05 A7 92 97
98/10/26 5.7514.4340.51 13.92 0.69 19.030.00 1.92 0.00 .037 0.70 1.02 .46 g0 99
98/10/27 5.7514.4340.51 14.15 0.66 18.880.00 2.16 0.00 .037 0.70 1.06 .46 20 98
98/10/28 5.75 14.43 40.51 16.18 0.42 18.19 0.00 1.99 0.00 .062 1.13 2.69 47 92 99
98/10/29 5.75 14.43 40.51 33.03 0.68 10.33 0.00 1.82 0.00 .061 0.63 0.93 47 92 102
98/10/30 5.7514.4340.51 26.62 0.53 13.050.00 0.32 0.00 .059 0.77 1.45 .48 94 98
98/11/02 5.75 14.43 40.51 28.60 0.95 12.77 0.00 0.90 0.00 .060 0.77 0.81 .48 94 101
-stopped fiow for 48h

98/11/03 5.75 14.43 40.51 11.58 1.50 20.33 0.88 1.65 0.00 .000 - - 47 92 101
98/11/04 5.75 14.43 40.51 7.13 1.68 22.18 0.08 1.43 0.00 .000 - - .46 90 98
98/11/05 5.75 14.43 40.51 30.02 0.83 11.56 0.00 1.03 0.00 059 0.68 0.82 .46 90 99
98/11/06 5.75 14.43 40.51 23.45 0.78 14.58 0.06 0.90 0.00 060 087 1.12 .46 90 98
98/11/09 5.7514.4340.51 23.16 0.78 15.09 0.00 1.70 0.00 .060 0.91 1.15 .47 92 102
98/11/10 5.75 14.43 40.51 22.41 0.75 15.14 0.00 1.50 0.00 036 055 0.73 .47 92 99
98/11/11 5,75 0.00 10.28 14.74 0.51 4.10 0.00 1.75 0.00 .035 - - - - -
98/11/12 5.75 0.00 10.28 7.51 0.20 1.30 0.00 0.28 0.00 .035 0.05 0.23 47 92 103
98/11/13 5.75 0.00 10.28 6.06 0.10 2.02 0.00 0.13 0.00 .084 0.07 0.69 .48 94 100
98/11/16 5.75 0.0010.28 0.93 0.15 4.240.00 1.20 0.00 .035 0.15 0.99 .45 88 103

-terminated experiment due to contaminated reservoir
* biomass measured by filter
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C115- 98/05/06-98/06/16
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xyl] Residual BiomassEtOH Xylitol Lactate Acetate D Qp dp Y p/s Conversion % C

g/l g/L [Xyl] (@) g/L g/lL  g/L? gL g/L hrr1 g P/L/h g Plgcelh g Pig Glu Efffic (%)  Recovery

C115- Medium=1%cCSL + tap HpO + 0.4% acetate { flow started 40h after inoculation)

98/05/07 5.75 21.27 25.75 23.04 0.75 3.07 0.00 0.06 0.00 .000 - - 49 26 102
98/05/08 5.75 21.27 25.75 15.28 1.07 10.61 0.00 0.13 0.00 000 - - 50 98 102
98/05/11 5.75 7.89 40.72 19.97 058 14.10 0.00 1.87 4.00 .037 052 0.90 49 96 103
§8/05/12 5.75 7.89 40.72 16.16 0.58 15.65 0.00 1.69 4.00 .039 0.61 1.05 48 94 101
98/05/13 5.75 7.8940.72 9.88 0.86 18.930.00 1.45 4.00 .039 0.74 0.86 .49 96 102
98/05/14 5.75 7.8940.72 6.05 0.81* 19.920.00 1.93 4.00 .039 0.78 0.96 .47 92 99
98/05/15 5.75 7.89 40.72 8.94 0.81 19.14 0.00 1.08 4.00 .039 075 0.92 .48 94 100
98/05/1¢ 5.75 7.99 40.53 8.40 0.81 18.30 0.00 2.04 4.00 .038 0.70 0.86 .46 90 97
98/05/20 5.75 7.99 40.53 8.98 0.76 18.98 0.00 1.90 4.00 037 0.70 0.92 .48 94 101
98/05/21 5.75 7.99 40.53 8.99 0.63 18.68 0.00 1.23 4.00 .039 0.73 1.16 .47 92 98
98/05/22 5.75 8.40 40.12 8.28 0.63 19.29 0.00 1.26  4.00 039 075 1.19 .48 94 99
98/05/25 5.75 8.4040.12 4.09 0.72* 20.880.00 1.79 4.00 .039 0.81 1.13 .47 92 98
98/05/26 5.75 8.4040.12 5.02 0.72 21.070.00 1.08 4.00 .039 0.82 1.14 .48 94 99
98/05/27 5.75 8.4040.12 4.63 0.72* 20.76 0.00 1.36 4.00 .039 0.81 1.12 .48 94 98
98/05/28 5.75 8.0640.23 4.41 0.72 20.800.00 1.51 4.00 .040 0.83 1.16 .47 92 98
98/06/01 5.75 8.0640.23 4.41 0.72 20.76 0.00 1.68 4.00 .040 0.83 1.15 47 92 99
98/06/02 5.75 8.06 40.23 11.36 0.49 17.75 0.00 1.18  4.00 060 1.07 217 .48 94 29
98/06/03 5.75 8.07 40.15 16.41 0.52 15.58 0.00 1.30 4.00 060 093 1.80 .49 96 101
98/06/04 5.75 8.0740.1521.55 0.52 12.800.00 1.30 4.00 .060 0.77 1.48 .48 94 101
98/06/05 5.75 8.0740.1518.28 0.55 14.450.00 1.28 4.00 .060 0.87 1.58 .48 94 101
98/06/09 5.75 8.05 39.63 22.04 0.58 12.02 0.00 1.23 4.00 .060 0.72 1.24 47 92 100
98/06/10 5.75 8.05 39.63 21.49 0.58 12.32 0.00 1.20 -4.00 060 0.74 1.27 A7 92 100
98/06/11 5.75 8.05 39.63 20.94 0.63 12.56 0.00 1.43 4.00 .060 0.75 1.20 A7 92 100
98/06/12 5.75 8.0539.6318.31 0.69 13.420.00 1.47 4.00 .060 0.81 1.17 .46 90 98
98/06/15 5.75 8.0539.6314.94 0.58 15.620.00 1.41 4,00 .060 0.94 1.62 .48 94 100
98/06/16 5.75 8.0539.6315.59 0.66 14.980.00 1.68 4.00 .060 0.90 1.36 .47 92 100
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C117- 98/06/17-98/07/02
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xyl] Residual BiomassEtOH Xylitol Lactate Acetate D Qp dp Y p/s Conversion % G

g/L  g/L [Xyll{gL) g/L gL g¢g/L? g/L g/L hrl g PiL/h g Plgcelih g P/g Glu  Efffic (%) Recovery

C117- Medium=1%cCSL +Zymo salts + tap H20 + 0.4% acetate ( flow started 20h after inoculation)

98/06/18 5.75 25.95 27.79 9.47 1.81 22.12 0.00 0.00 0.00 .000 - - .49 96 102
98/06/19 5.75 7.61 40.36 10.85 1.24 17.66 0.00 1.47 3.8 .040 0.71 0.57 .47 92 101

98/06/22 5.75 7.6140.3616.10 0.75* 15.13 0.00 1.12 3.8 .040 0.61 0.81 .47 92 99
98/06/23 5.75 7.6140.3617.76 0.75 14.830.00 1.18 4.0 .040 0.59 0.79 .49 96 102
98/06/24 5.75 7.6140.3613.03 0.75 16.51 0.00 1.28 4.0 .040 0.66 0.88 .47 92 99
98/06/25 5.75 7.6140.3613.28 0.78 16.290.00 1.12 4.0 .040 0.65 0.84 47 92 98
Medium=1%cCSt +Zymo saits + D H2O + 0.4% acetate

98/06/26 5.75 7.79 39.66 11.95 0.75* 16.92 0.00 1.39 4.0 .040 0.68 0.90 .48 94 100
98/06/30 5.75 7.7939.6610.25 0.75 17.850.00 1.46 4.0 .040 0.71 0.95 .48 94 100
98/07/01 5.75 7.7939.66 9.00 0.72 18.450.00 1.52 4.0 .040 0.74 1.03 .48 94 100
98/07/02 5.75 7.7939.66 8.06 0.66 19.050.00 1.78 4.0 .040 0.76 1.15 .48 94 101

-terminated experiment due to lack of xylose
* biomass measured by filter



Xyl (g/L)

Growth of "adapted” ATCC 39676:pZB4L
in 1% cCSL + Z salts at pH 5.75 &30°C

40 C117 - 4% xyl + 0.8% glu + 0.4% acetate

B Xyl(gl)
¢ DCW(gL)
B EtOH (g/L)

& . &
A b w—_
0 N 7 i ' ¥ v I M 1

0 2 4 6 8 10 12 114 16 18 20

Time (days)




C124- 98/09/16 - 98/10/05
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xy] Residual Biomass EtOH Xylitol Lactate Acetate D Qp dp Y p/is Conversion % G

g/l g/l [Xyl]@L) g/t g/L  ¢g/L? g/L g/L hr'l g P/iL/h g Pigcelith g Plg Glu  Efffic (%) Recovery

C124- Medium=RM( flow started 22h after inoculation)

98/09/17 5.75 26.53 12.00 2.51  1.68* 17.24 0.00 0.02 0.00 .000 - - 48 94 99
Medium=1%cCSL + 1.8mM MgSO4 + 0.2% acetate

98/09/i8 5.75 8.36 40.22 8.11 1.86 19.20 0.00 3.13 2.0" 039 075 0.40 A7 92 105
98/09/21 5.75 6.3640.22 26.99 0.84 10.430.00 1.89 2.0* .041 0.43 0.51 .48 94 104
-stopped flow for 22hours

98/09/22 5.75 8.36 40.22 26.17 0.93 10.83 0.00 2.43 2.0* 000 - - .49 96 105
98/09/23 5.75 8.36 40.22 23.23 1.02 11.92 0.00 1.85 2.0¢ .040 0.48 0.47 47 92 102
98/09/24 5.75 8.36 40.22 20.17 1.08 13.17 0.00 238 2.0* .039 0.51 0.48 46 90 102
98/09/25 5.75 8.3640.2225.19 0.84 10.840.00 1.69 2.0* .039 0.42 0.50 .46 90 101
98/09/28 5.75 15.55 39.15 16.97 0.92* 17.89 0.00 291 2.0 .03 0.70 0.76 47 92 103
98/09/29 5.7515.5539.15 21.06 0.75* 16.07 0.00 1.75 2.0* .040 0.64 0.86 .48 94 101
98/09/30 5.75 15.55 39.15 23.31G 092 13.28 0.00 1,43 2.0* 039 052 0.56 .46 a0 100
98/10/01 5.75 15.55 39.15 23.086 0.70 13.03 0.00 2.06 2.0* 041 052 0.74 A7 92 101
98/10/02 5.75 15.55 39.15 20.78G 0.73 15.50 (.00 2.05 2.0* 041 0.64 0.87 47 92 100
98/10/05 5.75 15.55 39.15 29.73 0.77 10.37 0.00 6.41 2.0 040 0.41 0.54 42 82 105

-terminated experiment due to contaminated reservoir
* biomass measured by filter
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C114- 98/04/16-98/05/19
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD

Date pH [Glu] [Xyl Residual BiomassEtOH Xylitol Lactate Acetate D Qp dp Y p/is  Conversion % C
g/l g/L [Xyl (glL) g/l g/L g/lL? g/l g/L hr-1 g P/Lth g Pigcellh g Pig Glu Efffic (%) Recovery

C114- Medium=1%cCSL. + tap HoO + 0.4% acetate ( flow started 24h after inoculation)

98/04/17 5.75 18.01 30.02 26.85 0.81* 9.93 0.00 1.98 3.90 000 - - .47 92 102
98/04/20 5.7518.0130.0217.39 0.72 14.640.00 1.65 3.90 .040 0.59 0.81 .48 94 101
98/04/21 5.7518.1630.0117.20 0.81 15.140.00 2.15 4.00 .040 0.61 0.75 .49 96 104
98/04/22 5.7518.1630.0116.80 0.69 15.380.00 1.71 4.00 .040 0.62 0.89 .49 96 103
98/04/23 5.7518.1630.0116.75 0.66 15.550.00 1.80 4.00 .040 0.62 0.94 .49 96 103
98/04/24 5.7518.1630.01 9.97 0.75* 18.730.00 2.36 4.00 .039 0.73 0.97 .49 96 103
98/04/27 5.7518.1630.0110.66 0.84 18.180.00 2.39 4.00 .038 0.69 0.82 .48 94 103
98/04/28 5.7518.1430.22 9.98 0.65 18.040.00 2.61 3.90 .038 0.69 1.05 .47 92 101
98/04/29 5.7518.1430.22 9.28 0.65 18.540.00 2.61 3.90 .038 0.70 1.08 .47 92 101
98/04/30 5.7518.1430.22 9.48 0.72* 18.140.00 2.97 3.90 .039 0.71 0.98 .47 92 101
98/05/0%1 5.7518.1430.22 9.40 0.78 18.76 0.00 2.77 3.90 .039 0.73 0.94 .48 94 103
98/05/04 5.7518.1430.22 5.18 0.69 20.160.00 2.08 3.90 .039 0.79 1.14 .47 92 98
98/05/05 5.7519.5231.19 8.64 0.66 19.360.00 2.23 3.90 .039 0.76 1.14 .46 90 98
98/05/06 5.7519.5231.19 7.73 0.66* 20.490.00 2.33 3.90 .039 0.80 1.21 .48 94 100
98/05/07 5.7519.5231.19 7.51 0.66 20.440.00 2.20 3.90 .039 0.80 1.21 .47 92 100
98/05/08 5.7519.5231.19 7.64 0.72* 20.650.00 2.52 3.90 .039 0.80 1.12 .48 94 101
98/05/11 5.7519.5231.19 7.45 0.69 20.900.83 1.54 4.00 .039 0.82 1.18 .48 94 102
98/05/12 5.75 19.62 31.19 16.51 0.63 16.12 0.00 1.32 4.00 .068 0.93 1.48 47 92 99
98/05/13 5.75 19.52 31.19 14.14 0.63 16.36 0.00 1.70 4.00 068 0.95 1.51 .45 88 100
98/05/14 5.7519.5231.1912.38 0.66* 17.150.42 1.54 4.00 .058 0.99 1.51 .45 88 101
98/05/15 5.7517.6229.1913.31 0.68* 15.700.00 1.71 4.00 .058 0.91 1.34 .47 92 100

98/05/19 - temperature dropped to 15° C & reservoir is contaminated --terminated experiment

* Biomass measured by filter method;
only lines in bold are at steady state
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C116- 98/05/21-98/06/18
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATICNS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [%yl] Residual BiomassEtOH Xylitol Lactate Acetate D Qp dp Y p/s Conversion % G

g/L g/l [Xyll (/L) g/L g/l g/L? g/L g/L hr-1 g P/L/h g Plg cellh g P/g Glu Efffic (%) Recovery

C116- Medium=1%¢cCSL + tap H20 + 0.4% acetate ( flow started 24h after inoculation)

98/05/22 5.75 22.75 27.91 19.68 1.30 15.47 0.00 0.26 0.00 000 - - .50 98 102
98/05/25 5.75 18.08 30.12 4.70 0.72 20.69 0.00 1.23 4.0 .039¢ 0.81 1.12 .48 94 98
98/05/26 5.75 18.08 30.12 8.69 0.72 18.70 0.00 1.99 4.0 032 0.73 1.01 .47 92 100
98/05/27 5.75 18.08 30.12 8.49 0.81 18.96 0.00 1.99 4.0 .040 0.76 0.94 47 92 101
98/05/28 5.7518.0830.12 8.87 0.81 18.240.00 2.18 4.0 .040 0.73 0.90 .46 20 99
98/05/29 5.7518.0830.12 8.41 0.81 18.96 0.00 1.88 4.0 .042 0.80 0.98 .48 94 100
98/06/01 5.7518.0830.12 6.24 0.84 19.78 0.00 2.05 4.0 .040 0.79 0.94 .47 92 100
98/06/02 5.7518.0830.12 6.42 0.84 19.800.00 1.76 4.0 .040 0.79 0.94 .47 92 99
98/06/03 5.7518.0830.12 6.06 0.84 20.200.00 1.50 4.0 .040 0.8t 0.96 .48 94 100
98/06/04 5.75 18.23 30.21 16.42 0.69 15.36 0.00 1.35 4.0 .060 092 1.34 .48 94 100
98/06/05 5.75 18.23 30.21 17.46 0.60 14.98 0.00 1.36 4.0 .060 090 1.50 .48 94 101
98/06/09 5.75 18.23 30.21 17.03 0.60 1511 0.00 1.36 4.0 .060 0.91 1.51 48 94 100
98/06/10 5.75 18.31 30.54 14.63 0.63 16.43 0.00 1.31 4.0 060 0.99 1.56 .48 94 100
98/06/11 5.75 18.31 30.54 15.97 0.63 15.67 0.00 204 4.0 060 094 149 48 94 101
98/06/12 5.75 18.31 30.54 14.42 0.66 16.21 0.00 1.53 4.0 .060 0.97 1.47 A7 92 99
98/06/15 5.75 18.31 30.54 15.50 0.72 16.17 0.00 1.68 4.0 060 097 1.35 .48 94 102
98/06/16 5.7518.3130.5413.88 0.72 16.600.00 1.94 4.0 .060 1.00 1.38 .47 92 101
98/06/17 5.7518.3130.5413.63 0.72 17.190.00 1.85 4.0 .060 1.03 1.43 .49 96 100
98/06/18 5.7518.3130.5413.72 0.72 17.090.00 1.22 4.0 .060 1.03 1.42 .49 96 101

<erminated experiment

* Biomass measured by filter method;
only lines in bold are at steady state
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C118- 98/06/18-98/07/02
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [xy] Residual BiomassEtOH Xylitol Lactate Acetate D Qp dp Y pis Conversion: % G

/L g/l [Xyl}{g/L) g/L g/L go/L? g/L g/L hr-1 g P/Lh g Pigcell/h g P/gGlu Efffic (%) Recovery

C118- Medium=1%cCSL +Zymo salts + tap HoO + 0.4% acetate ( fiow started 24h after inoculation) :
98/06/19 5.75 25.21 23.71 13.71 1.32 16.89 0.00 0.12 0.0 .000 - - .48 94 99

98/06/22 5.75 16.77 29.27 19.61 0.82 12.42 0.00 1.43 4.0 .040 0.50 0.61 47 92 101
98/06/23 5.7516.7729.2714.67 0.78 14.980.00 1.92 4.0 .040 0.60 0.77 .48 94 102
98/06/24 5.7516.7729.2714.58 0.78 14.86 0.00 1.88 4.0 .040 0.59 0.76 .47 92 101
98/06/25 5§.7516.7729.2710.70 0.78 16.790.00 1.74 4.0 .040 0.65 0.84 .48 94 100
Medium=1%cCSL +Zymo salts + D HoO + 0.4% acetate

98/06/26 5.75 18.20 30.03 9.14 0.78 18.99 0.00 1.83 4.0 .040 0.76 0.97 A9 96 102
98/06/30 5.7518.2030.03 8.94 0.78 19.180.00 1.38 4.0 .040 0.77 0.98 .49 96 101
98/07/01 5.7518.2030.03 8.78 0.78 19.250.00 1.72 4.0 .040 0.77 0.99 .49 96 102
88/07/02 5.7518.2030.03 8.32 0.81 19.42 0.00 1.76 4.0 .040 0.78 0.96 .49 96 102

-terminated experiment due to lack of xylose
* biomass measured by filter
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C119- 98/07/14 - 98/08/04
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xyl] Residual BiomassEtOH Xylitol Lactate Acetate D  Qp dp Y p/s  Conversion % C
g/L  g/L Xyl (gL} g/L g/l. g/L.? a/L g/L hr-1 g P/L/h g Plg cellh g P/g Glu  Efific (%) Recovery

C119- Medium=ZM( flow started 24h after inoculation)

98/07/15 5,756 22.48 20.27 9.57 0.60 16.45 0.00 0.00 0.0 .000 - - .50 98 99
Medium=2%cCSL(NACAN) +Zymo salts + 0.8% acetate

98/07/16 5.75 18.21 32.12 15.68 0.66 16.99 0.00 0.80 4.89 .040 0.68 1.03 .49 96 99
98/07/17 5.75 18.21 32.12 22.64G 0.66 10.29 0.00 2.62 8.10 .040 0.41 0.82 .45 88 101
98/07/20 5.7518.2132.1227.38G 0.81* 8.430.00 2.04 8.10 .040 0.34 0.42 .47 92 103
98/07/21 5.75 18.21 32.12 21.92 0.87 13.34 0.00 2.54 8.10 .025 0.33 0.38 A7 92 103
98/07/22 5.75 18.21 32.12 25.15G 0.93 10.47 0.00 2.32 8.10 025 0.26 0.28 .48 94 104
Medium=1%cCSL{NACAN) +Zymo salts + 0.2% acetate

98/07/23 5.75 18.39 30.29 18.89G 0.50 8.09 0.00 0.76 6.60 039 0.32 0.63 46 90 99
98/07/24 5.75 18.39 30.29 15.60G 0.69 10.65 0.00 0.86 2.30 .039 042 0.60 46 90 98
98/07/27 5.75 18.39 30.29 19.00 1.20 14.38 0.22 1.83 2.20 040 0.58 0.48 .48 94 104
98/07/28 5.75 18.39 30.29 8.85 1.17 18.76 0.32 2.04 2.00 041 0.77 0.66 47 92 101
98/07/29 5.7518.3930.29 3.93 0.93* 20.87 0.36 2.09 2.00 .040 0.83 0.90 .47 g2 99
98/07/30 5.7518.3930.29 3.38 0.84 21.340.36 1.91 2.060 .041 0.87 1.04 .47 92 99
98/07/31 5.7518.3930.29 2.79 0.84 21.67 0.42 2.04 2.00 .040 0.87 1.03 .47 g2 100
98/08/04 5.7518.3930.29 1.12 0.93 22.56 0.45 1.65 2.00 .040 0.90 0.97 47 92 101

-terminated experiment
* biomass measured by filter
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C128 - 98/10/06-98/11/24
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATICNS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xyl] Residual BiomassEtOH Xylitol Lactate Acetate D Qp dp Y pis  Conversion % C

g/l g/L [Xyll (L) g/L g/L g/lL? g/t g/l hr-l g P/LUh g Pigcelth g Plg Glu Efffic (%) Recovery
C128- Medium=RM (flow started 24h after inoculation)
98/10/07 5.756 25.88 16.98 5.90 1.20* 18.60 0.00 0.00 0.00 000 - - .50 98 102
Medium=1%cCSL + 1.8mM MgSO4 + 0.2% acetate
08/10/08 5.75 18.22 30.07 12.98 0.75 16.80 0.00 1.56 2.0" .041 0.69 0.92 .48 94 100
98/10/09 5.75 18.22 30.07 22.02 0.66 12.35 0.00 1.76 20" .041 0.51 0.77 47 92 101
98/10/13 5.7518.2230.07 21.30 0.58 12.76 0.00 2.08 2.0n .042 0.54 0.92 .47 92 102
98/10/14 5.7518.2230.07 22.02 0.58 12.48 0.00 2.42 2.0n .038 0.47 0.82 .48 94 103
Medium=1%cCSL + 1.8mM MgSO4 + 0.2% acetate + 1.2% Ethanol '
98/10/15 5.75 18.50 31.07 27.95 0.58 21.44 0.00 3.19 2.0* .020 0.20 0.34 .45 88 103
98/10/16 5.75 18.50 31.07 20.30 0.73 24.56 0.00 3.84 2.04 .020 0.26 0.35 .44 86 101
98/10/19 5.75 18.50 31,07 5.78 0.73 30.98 (.42 6.38 2.00 .020 0.39 0.53 .44 86 103
98/10/20 5.7518.6430.58 6.17 0.96 30.220.07 6.44 2.0° .020 0.37 0.39 .43 84 102
98/10/21 5.75 18.64 30.58 18.94 096 24.90 0.00 463 20* 040 0.53 055 44 86 103
98/10/22 5.75 18.64 30.58 16.60 0.78 26.77 0.00 2.45 2.0n .040 0.60 0.77 .46 20 100
08/10/23 5.75 18.64 30.58 11.78 0.81 29.44 0.00 2.21 200 040 0.71 (.88 47 92 101
98/10/26 5.7518.5230.23 13.25 0.81 28.08 0.00 2.05 2.0» .042 0.71 0.87 .48 94 104
98/10/27 5.75 18.5230.23 13.53 0.66 27.990.00 2.88 2.0~ .042 0.70 1.06 .48 94 103
98/10/28 5.7518.5230.23 13.39 0.66 27.96 0.00 2.89 2.0° .043 0.72 1.09 .47 92 102
98/10/29 5.75 18.52 30.23 23.89 0.84 22.80 0.00 2.34 2,00 054 0.49 0.58 47 92 102
98/10/30 5.76 17.556 30.22 23.73 0.90 22.45 0.00 2.20 2.0n 053 0.57 0.64 .45 88 101
98/11/02 5.7517.5530.22 23.72 0.99 23.060.00 1.80 2.0° .054 0.62 0.62 .48 94 103
98/11/03 5.75 17.55 30.22 21.15 0.99 24.05 0.00 272 20t .041  0.51 0.51 A7 92 103

-stopped flow for 48h




C128 - 98/10/06-98/11/24

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu} (Xyl] Residual Biomass EtOH Xylitol Lactate Acetate D  Qp qp Y pis Convesion %G

g/L  g/L [Xyll (/L) g/l g/L  g/lL? g/L g/L hr't g P/ g Pigcelllh g P/igGlu  Efffic (%) Recovery
Medium=1%cCSL + 1.8mM MgSO4 + 0.2% acetate
98/11/04 5.75 17.55 30.22 13.68 1.17 28.04 0.00 2.76 2.00 .000 - - 48 94 105
98/11/05 5.75 17.38 30.60 3.02 1.35 33.39 0.00 321 20" .000 - - 48 94 104
98/11/06 5.75 17.38 30.60 16.76G 1.14 13.60 0.00 3.87 20 .056 0.76 0.67 47 92 107
98/11/09 5.75 17.38 30.60 14.02 1.43 15.56 0.58 4.35 2.00 .028 0.44 0.30 .46 20 106
98/11/10 5.75 18.75 30.43 18.08 1.31 14.77 0.00 3.09 2.0 .040 0.59 0.45 47 g2 105
98/11/11 575 18.75 30.43 19.96 1.05 13.60 0.00 1.04 2.00 .039 0.53 0.51 47 92 929
98/11/12 5.75 18.75 30.43 25.13 0.86 11.17 0.00 0.86 2.0 039 0.44 0.51 .48 &0 99
98/11/13 5.7518.7530.43 24.09 0.81 12.010.00 1.50 2.0° .040 0.48 10.59 .48 94 102
98/11/165.7518.7530.43 22.82 0.78 12.010.00 1.65 2.07 .040 0.48 0.62 .46 90 99
98/11/175.7518.7530.43 22.43 0.75 12.410.00 2.08 2.0~ .040 0.50 0.66 .46 90 101
98/11/185.7518.7530.43 17.98 0.75 14.48 0.00 1.55 2.04 .042 0.61 0.81 .46 90 99
98/11/195.7518.2829.4418.45 0.75 14.600.00 2.19 2.07 .041 0.60 0.80 .50 98 105
98/11/20 5.7518.2829.44 18.50 0.75 14.22 0.00 1.83 2.04 .039 0.55 0.74 .49 96 103
98/11/23 5.7518.2829.44 22 .47 0.45 11.750.00 1.94 2.0A .060 0.71 1.57 .47 92 100
98/11/24 5.75 18.28 29.44 24.54 0.57 10.83 0.00 2.35 2.0 .060 0.65 1.14 47 92 102

-terminated experiment due to wall growth
* biomass measured by filter
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C120- 98/07/21 - 98/08/04
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L.

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD

Date pH [Glu] [Xyll Residuai Biomass EtOH Xylitol Lactate Acetate D Qp dp Y p/s Conversion % C
g/l g/L [Xyl] (/) g/l g/L g/L? g/L g/L he1 g P/L/h g P/g ceillh g P/g Glu  Efffic (%) Recovery

C120- Medium=ZM( flow started 24h after inoculation)
98/07/22 5.75 20.36 22.46 19.29 0.87 11.77 0.00 0.00 0.00 000 - - .50 98 102
Medium=1%cCSL(NACAN) +Zymo salts +2.4% EOH

98/07/23 5.75 7.39 39.33 20.10 1.29* 12.97 0.00 1.01 0.00 032 0.42 0.32 .49 96 103
98/07/24 5.75 7.39 39.33 19.53 1.44 13.24 0.00 2.03 0.00 037 049 0.34 48 96 104
98/07/27 5.75 7.39 39.33 25.67 1.17  10.29 0.00 230 0.00 038 039 0.33 .48 96 106
98/07/28 5.75 7.89 39.82 25.44 1.08 10.68 0.00 2.27 0.00 041 044 0.41 .48 94 105
98/07/29 5.75 7.8939.8216.41 1.02" 14.710.00 2.47 0.00 .041 0.60 0.59 .47 92 102
98/07/30 5.75 7.8939.8217.72 0.90 14.060.00 2.12 0.00 .038 0.53 0.59 .47 92 102
98/07/31 5.75 7.8939.8211.76 0.90* 16.410.00 1.80 0.00 .041 0.67 0.75 .46 90 98
98/08/04 5.75 7.8939.8210.52 0.99 17.330.00 2.23 0.00 .039 0.68 0.68 .47 92 100

-terminated experiment
* biomass measured by filter
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C123- 98/09/15 - 98/10/02
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATIONS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD
Date pH [Glu] [Xyl] Residual BiomassEtOH Xylitol Lactate Acetate D Qp dp Y p/s  Conversion % C

gL g/l Dyllgl)  o/L gL gt? gl g/L  hrl gP/UhgPigcelh gPligGlu Efffic (%) Recovery

C123- Medium=RM( flow started 20h after inoculation)

98/09/16 5.75 25.80 11.98 0.26 1.40* 18.29 0.00 0.00 0.00 000 - - .49 96 100
Medium=1%cCSL + 1.8mM MgSO4 + 1.29% EtOH

98/09/17 5.75 8.53 39.45 17.11 1.00 26.96 0.00 093 0.00 .039 058 (.58 .48 94 101
98/09/18 5.76 8.53 39.45 21.33 1.02 24.82 0.00 3.44 0.00 .040 0.51 0.50 .48 94 106
98/09/21 5.75 8.5339.4526.33 0.65 22.190.00 1.29 0.00 .039 0.40 0.61 .47 92 101
-stopped flow for 46hours

98/09/22 5.75 8.53 39.45 21.12G¢ 0.60 22.91 0.00 2.37 0.00 000 - - .46 20 102
98/09/23 5.75 8.53 39.45 17.57 0.69 26.26 0.00 1.07 0.00 000 - - 47 92 99
98/09/24 5.75 8.53 39.45 19.32 0.69 25.39 0.00 2.04 0.00 041 055 0.80 47 92 101
98/09/25 5.75 8.53 39.45 22.27 0.80 24.48 0.00 1.58 0.00 .040 0.50 0.82 .48 94 103
98/09/28 5.7515.8839,9523.76 1.01* 27.320.00 3.30 0.00 .040 0.60 0.60 .47 92 103
pH increased to pH10 for a short time-stopped flow for 8 hours

98/09/29 5.75 15.88 39.92 17.34G 1.01 28.89 0.00 3.15 0.00 040 0.67 0.66 .46 g0 102
98/09/30 5.75 15.88 39.92 16.92G 0.77 29.59 0.00 3.49 0.00 .039 0.68 0.88 .48 94 103
98/10/01 5.75 15.88 39.92 15.54 0.96 3149 000 3.14 0.00 039 075 0.78 .48 94 103
98/10/02 5.7515.8839.92 14.21 .77 31.820.00 2.59 0.00 .039 0.76 0.99 .A7 92 100
98/10/05 5.75 15.83 40.61 14.59 0.89 31.81 0.00 2.45 0.00 024 0.47 0.3 47 92 101
98/10/06 5.75 15.83 40.61 16.39 0.77 31.26 0.00 2.47  0.00 .040 0.76 0.99 47 92 101
98/10/07 5.75 15.83 40.61 16.83 0.80 30.78 0.00 250 0.00 040 0.74 093 47 g2 100

-contaminated reservoir, terminated experiment
* biomass measured by filter
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C126 - 98/09/15-98/10/07
OPERATIONAL PARAMETERS FOR CONTINUOUS FERMENTATICNS
Sugar conversion by “adapted” Zymomonas mobilis ATCC 39676:pZB4L

SUBSTRATE [PRODUCTS] PRODUCTIVITY YIELD

Date pH [Glu] [Xyl] Residual BiomassEtOH Xylitol Lactate Acetate D Qp dp Y pis Conversion %G
g/l g/L [Xyll(g/L) g/L g/L g/L? gL g/l hr-1 g P/IL/h g Pigcellh g P/gGlu Efffic (%) Recovery

C126- Medium=RM (flow started 20h after inoculation)

98/09/16 5.75 26.73 23.29 6.28  1.60* 20.94 0.00 0.00 0.00 .000 - - 48 94 98
Medium=1%cCSL + 1.8mM MgSO4 + 0.2% acetate + 1.2% EtOH

98/09/17 5.75 8.34 40.95 1494 1.23 28.26 0.00 1.70 20" .041 0.67 0.54 A7 92 101
98/09/18 5.75 834 4095 18.14 1.08 26.22 0.00 2.7 2.00 040 0.57 0.53 .46 90 101
98/09/21 5.75 8.3440.9522.00 0.81 24.880.00 2.75 2.0* .040 0.52 0.64 .47 92 103

-stopped flow for 22 hours

98/09/22 5.75 8.34 40.95 16.00 0.93 26.02 0.00 4.08 20" 000 - - .45 88 103
98/09/23 5.75 8.34 40.95 21.15 0.6 25.02 0.00 2.33 200 .040 052 0.75 .46 90 101
98/09/24 5.75 8.34 40.95 21.57 0.72 25.16 0.00 1.73 200 .040 053 0.73 47 92 101
98/09/25 5.75 8.34 40.95 22.41 0.72 24.60 0.00 2,156 200 .040 050 0.70 47 92 102
98/09/28 5.75 8.3440.9523.43 0.58* 24.050.00 1.62 2.0% .040 0.48 0.83 .47 92 100
98/09/29 5.75 8.3440.9524.02 0.58 23.870.00 2.10 2.0° .040 0.47 0.82 .47 92 102
98/09/30 5.75 8.3440.9522.12 0.64 24.660.00 2.76 2.0° .040 0.51 0.79 .47 92 102
98/10/01 5.75 8.3440.9522.92 0.58* 24.440.00 3.24 2.0% .040 0.50 0.86 .47 92 104
98/10/02 5.75 8.3440.95 23.27 0.58 23.800.00 3.16 2.0" .040 0.47 0.81 .45 88 102
98/10/05 5.75 8.3440.9525.50 0.60 23.570.00 3.85 2.0" .040 0.46 0.77 .49 96 107
98/10/06 5.75 8.3440.9526.78 0.58 22.020.00 3.74 2.0" .040 0.40 0.69 .45 88 103
98/10/07 5.75 8.3440.95 24.28 0.58 23.630.00 3.95 2.0° .040 0.47 0.80 .47 92 105

-terminated experiment
* plomass measured by filter
70.2% acetate added to media
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% GLUCOSE or XYLOSE

Zm B107 - 97/10/07 - 97/10/10

10

0.D. 600 am.

4»

Y /s = .031

Y w/s= 017

Y x/s = 016

A ~prreyper

0 51

Growth of Zm ATCC 39676:pZB4L
in ZM at pH 6.9 & 30°C

Zm B107 - 97/10/07 - 97/10/10

"0 5101520253035 4045505560657075

TIME (h)

°

»

0.86% Giucose &
6.04% Xylose ZM
Qsg =0.82 g/L/h
Qsx =112 g/Lh

5.97% Glucose &

6.03% Xylose ZM
Qsg=2.72g/L/h
Qsx =0.77 g/L/

6.0% Fructase &
6.0% Xylose ZM
Qsx = 0.81 g/lh

TIME (h)

% ETHANOL

FTTTTTYT T YT TY

T T T \ARRSI LARAS LEAMD B
0152025303540455

06560657075

B 0.86% Glu & 6.04% Xyl ZM
Bi =1.43 giL

*  5.97% Glu & 6.03% Xyl ZM
Biomass = 1.67 g/l

4 5.0% Fruc & 6.0% Xyl ZM
Biomass = 1.65 g/L.

Growth of Zin ATCC 39676:pZBAL
in ZM at pH 6.0 & 30°C

Zm B107 - 97/10/07 - 97/10/10

B 0.86% Glu & 6.04% Xyl ZM
Qp =061 gL
EtOH Yield = 48

*  597% Gl & 6.03% Xyl ZM

Qp =077 /LM
EtOH Yield = 48

& 6.0% Fu & 6.0% Xyl ZM
Qp=0.79 gL/
FIOH Yield = 48

0 65 10 15202530354045505560657075

TIME (h)




Zm B122 - 98/02/10 - 98/02/13 o Q.B0% glu & 4.01% xyl ZM
Biomass = 1.39 g/L,
Y #fs = 031

100

* 0.81% gl & 6.04% xyl ZM
Biomass = 1.46 g/L
Y x/s =.027

B 0.79% giu & 8.00% xyl ZM
Bioniass = 1.48 g/I.
Y x/s = 029

LoE-L-A-] 0

00 2l

@ 2.02% gl & 8.06% xyl +1.5%FtOH ZM
Biomass = 1.89 g/l
Y /s = 024

0.D. 600 nm.

B 5.03% gho & 4.06% xyl ZM
Biomass =2.57 g/L
Y w/s = .042

B 803% glu & 4.05% xyl ZM
Biomass =2.37 g/L

A T T

0 5 1015
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YT
02530354045 50556085 7075

% GLUCOSE or % XYLOSE

Y s = 024
TIME (h)
Growth of Zm CP4:pZBS i fi;;ﬁ‘s)éezg;q Growth of Zm CSP ;gﬁ% B 0.80% glu & 4.01% xyl M
in ZM at pH 5.75 & 30°C Qs = 1.29 g inZM at pH 5.7 Qp = 0.68 il
Qex= 118 i /h 65 EIOH Yicld = .48
Zm B122 - 98/02/10 - 98/02/13 .
° 2:3135: ﬂa‘fﬁ‘s’:ezica ® 0.81% pln & 6.04% xyl ZM
Qsg = 1.01 gL Qe =069 g/
Qsx = 1.26 g/L/ EtOH Yield = 48
o DB chicase & B 0.79% glu & R.00% xy) ZM
Qsg = 0.96 gL/ o Qp = 051 gLk
Qo = 0.96 /Ll % F1OH Yield = 48
A 202% glucese & = A 9 o
& BO6% mlose +1.3% EIOH ZM = 2‘02()/:,2‘;)8;-? él}mxyl HSHEONZM
sg = 1.73 g/L/h o
Qsx = 1.37 gL/ = EtOH Yield = 48
w G03% elucose & + 6.03% glu & 4.06% xyl ZM
Qsg = ‘{31 gLh Qp = L50 g/L/h
Qsx = 127 glLh FIOH Yield = 48
Zm B122 - 98/02/10 - 98/02/13
@ 3.03% glucose & 0.0 A ¢ 8.03% glu & 4.05% xyl ZM
D 0 ®  4.05% xylose ZM - 0 Qp = 0.81 g/L/h
0 5 1015202530354045 505560657075 Qsg =236 gt/ 0 & 10152025303540455055608657075 EtOII Yield = 48

TIME (h)

Qsx = 0.67 g/lL/h

TIME (h)



% GLUCOSE & % XYLOSE

Growth of Zm CP4:pZBS in

0.D. 600 nm.

high xylose ZM at pH 5.75 & 30°C
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Zm B124 - 98/03/03 - 98/03/06

\

TIME (h)

0 5 10152025303540455055€0657075

TIME ¢h)

6.06% Xylose ZM
Qs = 0.66 g/LM

0.82% glucese &

6.05% xvlase ZM
Qsg = 0.82 g/L/h
Qsx = 1.21 g/lLMm

2.01% glucose &

6.02% xylose ZM
Qsg = 1.68 g/L/h
Qsx = 1.26 g/Lh

2.05% glucose &

6.04% xylose ZM + 2.0% E1OH
Qsg = 146 /LM

Qsx = 0.84 g/L/h
4.05% glucose &

6.09% xylose ZM

Qsg =289 LM

Qsx = 0.85 g/lLh

5.94% plucose &

6.01% xylose ZM
Qsg =243 g/lL/h
Qsx = 0.84 g/L/h

 RAALSTEAASAAAAEAARLEALALI RARAS|

% ETHANOL

[-3

vprrrTrTeTTTRTTYYYY
0 5 101520253035404550565680857075

6.06%Xyl ZM
Biomass = 0.74 g/L.
Y wis =.026

82%ghu & 6.05%Xyl ZM
Biomass = 1.47 g/
Y x/s = .027

2.01% glu & 6.02%xyl ZM
Biomass = 1.69 g/L
Y x/s =022

2.05%glu & 6.04% Xyl + 2.0% EIOH
Biomass = 1.64 /L.
Y xis = 022

4.05%gl & 6.09%xyl ZM
Biomass = 1.85 g/l
Y xfs =022

5.94%glu & 6.01% xyl ZM
Biemass = 2.03 g/l
Y ws = 018

Growth of Zm CP4:pZBS in
high xylese ZM at pH 5.75 & 30°C

Zm B124 - 98/03/03 - 98/03/06

T TTrTTeY L AAAAL MMl Mk
0 51015202530354045505586

TIME (h)

0

657075

6.06% xylose ZM

Qp =032 gl

E1OH Yield = .48
0.82% glu & 6.05% xyl ZM

Qp = 0.66 gL/
EIOH Yieid = 48

2.01%Glu & 6.02%Xyl ZM

Qp=0.83 g
E1OH Yield = 49

2,05%gM & 6.04% XyH2 0%EIOH

Qp =10.55 g/L/M
EtOH Yield = 49

4.05%glu & 6.09%xyl ZM
Op=0.69 gL
EtOH yield = 49

5.94%gin & 6.01%Xyl ZM

Qp =081 gL/h
EtON Yield = 49



0.D. 600 nm.

% GLUCOSE or % XYLOSE

Zm B127 - 98/03/31 - 98/04/03

0 5 10152025303540455055808685 7075

TIME (h)

Growth of Zm CP4:pZ.BS5 in Zm at pH 5.75 & 30°C
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Zm B127 - 98/03/31 - 98/04/03
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e TreeerereeY
52025303540456505560657075
TIME (h)

FedBatch-4.85% glu added
at Zml/h from 8-T2h

B 0.79% glu & 8.66% xyl ZM
Biomass = 1.66 g/L.
Y x5 =.027

+  1.98% gln & B.03% xyl ZM

Biomass = 1.79 g/L
Y x/s = 023

u1.93% gl & 7.95% xyl + §.5% EtOH
Biomass = .73 o/l
Y /s =.023

& 4.01% plu & 8.06% xyl ZM
Biomass = 2.03 g/L
Y w/s =.024

F¥edBatch-4.85% glu added
at Imlh from 8-72h

0.79% glucose &

8.06% xyt ZM
Qsg = 0.86 g/L/h
Qsx = 1.12 g/L/h

®  1.98% glucose &

¢ 8.03% xylose ZM
Qsg=165gLh
Qsx =139 g/L/h

& 1.92% glucose & 1.5% EtOH &
0 7.95% xylose

Qep=137¢LM

Qsx =092 g/L/h

& 4.01% glucose &

A 8.06% xylose ZM
Qsg=33gi/h
Qsx =1.09 g/L/h

% GLUCOSE or % XYLOSE

0.D. 600 nm.

Growth of Zm CP4:pZBS5 in Zm at pH 3.75 & 30°C

Zm B127 - 98/03/31 - 98/04/03

Growth of Zm CP4:pZBS in Zm at pH 5.75 & 30°C

rrerTpeTeeLTYY T
101520253035 4045505586065
TIME (h)
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Zm B127 - 98/03/31 - 98/04/03

10152025 3035404550556065 7075

TIME (h)

FedButch-4.85% glu added
at dml/k from 8-72h

8 0.79% gh & 8.06% xyl ZM
Biomass = 1,66 g/1.
Y xfs =.027

*  1.98% glu & 8.03% xyl ZM

Biomass = 1.79 /L.
Y x/s = .023

B 1.93% glu & 7.95% xyl + 1.5% EtOH

Biomass = 1.73 g/L
Y x/s =023

& 401% glu & 8.06% xyl ZM
Biomass = 2.03 g/L.

Y x/s = 024

FedBatch-4.85% glo added
at Tml/h from 8-72h

& 0.79% glu & 8.06% xyl ZM
Qp =062 g/Lh
E1OH Yield = 48

* 1.98% glu & 8.03% xyl ZM

Qp = 0.66 g/l
EIOH Yield = 48

B 1.92% plu & 7.95% xyl + 1.5% E1OH
Qp =057 glL/h
EtOH Yield = .43

4 4.01% glu & 8.06% xyl ZM

Qp=079 gL
EtOH Yield = 48



Q.D. 600 nm.

% GLUCOSE or % XYLOSE

Zm B127 - 98/04/01 - 98/04/04

0 “rerprrryrerprerye

0 5 1015202530354045505560657075
TIME (h)
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Growth of Zm CP4:pZBS in ZM

at pH 5.0 or 5.75 & 30°C
Zm B127 - 98/64/01t - 98/04/04
[
.
°
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AT vr
0 5 1015202530354045505560657075
TIME (h)

eyl

pH 5.0

6.50% glu & 6.54% xyt ZM
Bivwass = 1.10 g/t
¥ x/s =013

pl 5.75

*  6.53% gl & 6.59% xyl ZM
Biomass = L.7¢ /L.
Y w/s =.019

pH 5.0

6.50% glucose &

6.54% xylose ZM
Qsg = 1,63 g/L/m
Qsx = 0.81 g/L/h

pH 5.75

6.53% glucose &

6.59% xylose ZM
Qsg = 1.40 g/L/h
Qsx = 0.80 g/L/h

% ETHANOL

0.D. 600 nm,

¥ e Al Mt aas o et
0 5 101520253035404550556085 7075

Growth of Zm CP4:pZB3 in ZM
at pH 5.0 or 5.75 & 30°C

10

Zm B127 - 98/04/01 - 98/04/04

pil 5.0

8 6,50% glu & 6.54% xyl ZM
Biomass = 1.10 g/L
Y x/s =013

pll .75

*  6.53%glu & 6.59% xyl ZM
Biomass = 1.70 g/l
Y x/s =.019

1 -

TIME (h)

Growth of Zm CP4:pZBS5 in ZM
at pH 5.0 or 5.75 & 30°C

Zm B127 - 98/04/01 - 98/04/04

TIME (h)

bl g Laaaaniaad ionas sy L
0 5 1015202530354045505560657075

pH 5.0

8 6.50% glu & 6.54% xyl ZM
Qp =078 g/lL/h
EIOH Yield = 46

pH 5.75

*  (.53% gl & 6.59% xyl ZM

Qp=0.79 g/L/
ELOH Yield = 46



% GLUCOQSE or % XYLOSE

Zm B132 - 98/05/05 - 98/05/08

100

Q.D. 600 nm.

S

e

Growth of CP4;pZBS in 6.5% glucose + 6.5% xylose
at pH 5.0 or pH 5,75 + 0.4% acetate at 30°C

557
507
4573
4.0
354
30
257
2.0
159
1.0
0.5

Zm B132 - 98/05/05 - 98/05/08

0.0
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0 5 1015202530354045505560657075

TIME (h)

TTYTTRYTTIY

pH .0

6.49% glucose +

6.48% xylose ZM
Qsg = 3.6 g/L/h
Qsx=1.17 g/LM

pH 5.75
6.60% glucose +
6.72% xylose ZM

Qsg =347 g/LMh
Qsx = 140 g/Lth

LR

pll 5.75 + 0.4% acetate

A 5.51% glucose +

& £.57% xylose ZM
Qsg =3.62 glL/h
Qsx = 0.80 g/t./h

(RAAASLARANRIARS MARASLARAITAMLELALAS LI20)

% ETHANOL

pH 5.0

B 6.49% glu & 6.48% xyl ZM
Biomass = 2.44 g/l
Y x/s =.022

pH 5.75

*  6.60% glu & 6.72% xyl ZM
Biomass = 2,46 g/L/h
Y a5 =.021

pH 5.75 + 0.4% acetate

& 6.51% gln & 6.57% xyl ZM
Biomass = 1.56g/.
Y x/s = 016

G 5 1015202583035 40455055 60 6570 75
TIME ()

Growth of CP4:pZBS in 6.5% glucose + 6.5% xylose

at pH 5.0 or pH 5.75 * 0.4% acetate at 30°C

3.5

Zm B132 - 98/05/05 - 98/05/08

T TTTY T T T T T T TIrTY T rrerir e

0 510152025303564045505560 6567075

TIME (h)

pH 5.0

B 6.49% ghi & 6.48% xyl ZM

Qp=1.17gLh
EtOH Yield = 47

pH .75

*  6.60% plu & 6.72% xyl ZM
Qp =129 gl
E1OH Yield = 46

pH 5.75 + 0.4% acetate

& 6.51% glu & 6.57% xyl ZM
Qp=0.80 g/l
E(OH Yield = .47



% GLUCOSE or % XYLOSE

Growth of "adapted” ATCC 39676:pZB4L in 6.5% glucose
+ 6.5% xylose at pH 5.0 or pH 5.75 £ 0.4% acetate at 30°C

Zm B132 - 98/05/05 - 98/05/08

O.D. 600 nm.

pH 5.0

®*  5.61% glu & 6.60% xyi ZM
Riomass = 0.58 g/L/h
Y x/s =.087

pH 575

8 6.57% glu & 6.68% xyl ZM
Biomass = 1.57g/L/h
Y x/s = .020

pH 5.75 + 0.4% acetate

& 6.67% glu & 6.86% xyl ZM

Biomass = 1.16 g/L.
Y ws=.017

0 5 1015202563035 4045505580657075

Zm B132 - 98/05/05 - 98/05/08

vy
0 51

015202530354045505560 6570
TIME (h)

 AAALY RARR RASRS | Ty

75

TIME (h)

. pH 5.0 5.0
®  5.61% glucose & 3
@ 6.60% xylose ZM 4.5

Qsg =053 g/Lh 3
Qsx=0.13 g/L/h 4.0
pH 575 357
| 6.57% glucose & s 3.0
O 6.68% xytose ZM z ’
Qsg = 1.10 gL < 05
Qsx = 0.46 g/Lh E ’
= ]
pH 575 + 0.4% acetate 2 209
& 6.67% glucose & 1.5 .‘
&  6.86% xylose ZM
Qsg =0.76 g/'L/h 1.0
Qsx = 0.56 /L '
0.5 7
00

0 510156202530

Zm B132 - 98/05/05 - 98/05/08

A AARkd ARALRANNS RAALE L)

35 4045505560 6
TIME ¢h)

ua
57075

Growth of "adapted” ATCC 39676:pZB4L in 6.5% glucose
+ 6.5% xylose at pH 3.0 or pH 5.75 £ 0.4% acetate at 30°C

pH 5.0

®  6.61% glu & 6.60% xyl ZM

Qp =0.30 g/L/h
EIOH Yield = 46

pH 575

B 6.57% ghu & 6.68% xyl ZM
Qp =0.64 g/L/h
EtOH Yield = 47

pH 5.75 + 0.4% acetate

& 6.67% plu & 6.86% xyl ZM
Qp = 0.62 g/Lm
E(OH Yield = 47



% GLUCOSE & % XYLOSE

4.5

Zm B141 - 98/07/22 - 98/07/24

O.D. 600 nm.

45 50

0.75% glu & 4.08% xyl

Biomass = 1.01 g/L.
Y xfs = 030

.20% glu & 4.06% xyl

Biomass = 1.30 g/
Y x/s = 028

1.63% glu & 4.06% xyl

Biomass = 1.36 g/L
Y x/s =.029

96% glu & 4.05% xyl

Biomass = 1,26 g/l.
Y x/s =.026

Growth of Zm CP4:pZBS in 1% cCSL +
1.67mM Mg + 0.4% acetate at pH 6.0 & 30°C

0 5 10 i5 20 25 30 35 40
TIME (h)
Growth of Zm CP4:pZBS5 in 1% ¢CSL +
1.67mM Mg + 0.4% acetate at pH 6.0 & 30°C
3.0
_ _ @ 0.75% glucose &
Zm Bl41 - 98/07/22 - 98/07/24 B 4.08% xylose
Qsg=0.73 g/LM 25
Qsx = 0.83 g/L/h .
®  1.20% glucose &
% 4.06% xylose K 2.0
Qsg =0.96 g/L/h (=)
Qsx =1.67 p/Lh 5
" 1.63% glucose & B 157
0 4,06% xylose =
Qsg = L12 gL 8
Qsx = 1,07 g/L/h 101
4 1.96% glucose &
A 405% xylose
Qsg= 135 g/Lih 0.5 ]
Qsx = 0.90 g/Lh ]
n ) 0.0+
15 20 25 30 35 40 45 50 0

5 10

TIME (h)

5

10 15 20

Zm B141 - 98/07/22 - 98/07/24

25 30 35 40 45 50

TIME (h)

0.75% gl & 4.08% xyl
Qp = 0.48 /L/h
EACH Yield = 49

*  1.20% glu & 4.06% xyl

Qp = 0.69 g/Lh
E(CH Yield = .50

B 1.63% glu & 4.06% xyl
Qp =075 gL
EtOH Yield = .50

& 1.96% plu & 4.05% xyl
Qp=0.67 gL/
FAOH Yield = 49




% GLUCOSE or XYLOSE

Zm B151 - 98/12/09 - 98/12/11

CP4:pLns

0.D. 600 nm.

*  894% Glu & 3.07% Xyl ZM
Biomass = 2.43 p/i.
Y x/s =.022

39676:pZB4l.

B9 10% Glo & 3.19% Xyl ZM
Biomass = 2.02 g/l
Y %/s =018

B122-CP4:pZBS

4 R03% Glu & 4.05% Xyl ZM
Biomass = 2.37 g/L
Y x/s =.024

Growth of ZM strains in high sugar at pH 6.0 & 30°C

ZmB151 - 98/12/09 - 98/12/11

35 40 45 50

0 5 10

t5 20 25 30
TIME (h)

10 15
TIME (h)

CP4:pZDB35
8.94% Glu &
3.07% Xyl ZM

Qsg=2.78 /LA

Qsx =0.77 g/L/h

39676:pLB4L
9.19% Gl &

3.19% Xyl ZM
Qsg = L.90 /LM
Qsx =0.47 p/lLh

B122-CP4:pZBS
8.03% Glu &
4.05% Xyl ZM
Qsg = 2.36 g/L/h
Qsx =0.67 g/LM

20 25 30 35 40 4

0.D. 600 am.

5 50

Growth of ZM strains in high sugar at pH 6.0 & 30°C

Zm B15! - 98/12/09 - 98/12/11

T T LI
5 10 15 20

CP4:pZDB5

®  894% Glu & 3.07% Xyl ZM
Qp = 144 g/l
EtOH Yield = 48

39676:pZB4L

" 9.10% Glu & 3.19% Xyl ZM
Qp = 114 gL
EtOl1 Yield = 48

B122-CP4:pZBS5
& §.03% Glu & 4.05% Xyl ZM

Qp =081 g/l
EtOH Yield = .48

25 30 35 40 45 50
TIME (h)
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% GLUCOSE & XYLOSE

0.D. 600 am.

Growth of adapted & parent strains of Z.mobills

ATCC 39676:pZB4L in cCSL Media at pH 5.75 & 30°C

Zm B118 - 98/01/14 - 98/01/15

0

4.5

4.0
3.5+
3.0-3
2.5'.
2.0-

1.57

0.5

0.0

0 b

10
TIME (h)

Zm B118 - 98/01/14 - 98/01/15

15 20 25 30 35 40 45 50

oe

T L] T T L) T L} T
5 10 15 20 25 30 35 40
TIME (h)

Par-1%CSL-.79% glu &
4,02% xylose
Qsg=1.32g/L/Mh
Qsx = L18 g/LM

Adapt-1%CSL-0.86% glu &
4.01% nylose

Qsg = 1.00 g/L/h

Qsx = 1.05 g/L/

Par-,25% cCSLAN-0.81% glu &
4.06% aylosc

Qsg=135gLM

Qsx =0.77 g/L/h

% ETHANOL

Adapt- 25%cCSL+N-.85%gh &
4.02% xylose

Qsg = 1.04 gL/

Qsx =126 g/L'h

45 50

8 Par-1%cCSL-.79% glu & 4.02% xyl

Biomass = 1.18 p/L.
Y x/s =028

Adapt-1%cCSL-0.86% glu & 4.01% xyl
Biomass = 1.06 g/l
Y x/s = 026

Par-. 25%cCSLAN-0.81%glu & 4.06%xy1
Biomass = 1.05 g/ 8 ad

Y wfs = 022

a Allunl-li%c‘gTSbEN».SS%g'l &4.02%xyl

Biomass = 1.0]
Y x/s = 022

Growth of adapted & parent strains of Z.mobills
ATCC 39676:pZB4L in cCSL Media at pH 5.75 & 30°C

2.5

2.0

1.0 4

0.5 1

Zm B118 - 98/01/14 - 98/01/15

TIME (h)

@ Par-1%cCSL-0.79% glu & 4.02% xyl

Qp =069 glLh
E1OH Yietd = .48

& Adapt-1%cCSL-0.86% glu & 4.01% xyt
Qp=0.62 g/l
FIOH Yield = 48

8 Par- 25%cCSLAN-0.81%g) & 4.06%xy]
Qp = 0.45 g/L/Mm
E1CH Yield = 48

& Adapt-.25%cCSL+N-.85% gl&4.02%xyl

Qp =0.73 g/l
EtOH Yieid = .48

5 10 15 20 25 30 35 40 45 50



% GLUCOSE or % XYLOSE

4.5

4.0

35

3.0

25

20

15

1.0

05

0.0

Zm B119 - 98/01/20 - 98/01/22

0.40% acetic acid

0.D. 600 nm.

@ 0.80%gln & 4.04% xy!-1%cCSL
Biomass = (.37 g/L

Y x/s =018

0.75% acetic acid

*  0.79% gl & 4.05% xyl-1%cCSL
Biomass = 0.8] g/l
Y x/s = .017

0.97% acetic acid
® 0.81% giu & 4.05% xyl-1%cCSL
Biomass = 0.66 g/L
Y xfa= 014

0.40% acetic acid
& 0.79% ghs & 4.01% xyl-.25%cCSL + N
Biomass = 0.91 g/l
Y x/s =.019

1

AR LA R AR A Rl RARAN LA N RS AAARIAAR) RLARY ]

0 5 10 15202530354045505560657075

Growth of adapted strain of Z.m. ATCC 39676:pZB4L
in ¢CSL media +/-( NH4)2HPO4 at pH 6.0 & 30°C

ZmB119-98/01/20-98/01/22 | g

0 5 10 1520253035 4045 50 55 60 65 70 75
TIME (h)

TIME {h)

0.40% acetie acid
0.80% glucose &
4.04% xylose-1%cCSL
Qsg=0.62 g/l
Qsx = 0.94 g/Lh

0.75% acetic acid
0.79% glucose &
4.05% xylose-1%cCSL

Qsg = 0.56 g/L/

Qsx = 0.84 g/lL’h

0.97% acetic acid
0.81% plucose &
4.05% xylose-1%cCSL

Qsg =056 g/Lh

Qsx =0.53 gL/h

0.40% acetic acid
0.78% glucose &

A  4.01% xylose-25% cCSL + N

Qsg =043 g/Lm
Qsx = 1.65 g/L/h

% ETHANOL

1.0

0.5

0.0

Growth of adapted strain of Z.m, ATCC 39676:pZB4L
in ¢CSL media +/-( NH4)2HPO4 at pH 6.0 & 30°C

*

Zm B119 - 98/01/20 - 98/01/22

0D 5 101520253035 4045505560 657075
TIME (b}

0.40% acetle acid
0.80% glu & 4.04% xyl-1%cCSL

Qp =054 gL
EOH Yield = .48

0.75% acetlc acld

0.79% glu & 4.05% xyl-1%cCSL

Qp =048 glLh
FIOH Yield= 47

0.97% acetic acid
0.81% glu & 4.05% xyl-1%cCSL

Qp=031 gL
E1OH Yield = 48

0.40% acetic acid
0.78% glu & 4.01% xyl-.25%cCSL + N

Qp =062 gl
EIOH Yield =49



% GLUCOSE or % XYLOSE

Zm B120 - 98/01/27 - 98/01/29
0.40% =acetic acid

10
] B Parent-0.80% glin & 4.07% xyl ZM
1 Biomass = 0,88 g/L.
Y x/s =.025
& Adapt.-0.83% phu & 4.06% xyl ZM
Biomass = 0.87 g/L.
Y x/s = 019
E 0.75% acetic acid
= ¥ Parent-0.81% glu & 4.02% xyl ZM
2 Biomass = (.70 g/L.
. Y w3 =.02]
A
Q &  Adapt.-0.83% glu & 4.03% xyl ZM
Biomass = 0,79 g/l
Y x/s = .022
0.0% =acetlc acid
+  Parent-0.83% gtu & 4.04% xyl ZM
Biomass = 1.38 g/L.
Y x/s = 035
A T T LM IR B | LA T
0 5 10 15 20 25 30 35 40 45 50° Adapt-0.87% plu & 4.03%xyl ZM
Biomass = 1.34 g/,
TEME (h) Y x/s =.032
Growth of parent & adapted ATCC 39676:pZB4L
Growth of parent & adapted ATCC 39676:pZB4L in ZM at pH 5.75 or 6.0 & 30°C +/- acetic acid
in ZM at pH 5.75 or 6.0 & 30°C +/- acetic acid 0.40% scetic acid
. 0.40% acetie acid 25
.5 Parent-0.80% alu & 4.07% xyl ZM
ZmBI20- 98/01/27- 98/01129 | § Parent-080% Glucose & Qp = 0.52 gL/ Y
Qsg = 133 gt EtOH Yield = 48
Qsx =0.90 g/Lh 20
®  Adapt.-0.83% Glucose & ] *  Adapt.-0.83% ghs & 4.06% xyt ZM
®  4,06% xylose ZM 1 Qp=0.69 giLh
Qsg = 1.36 g/l . ] EIOH Yield = 48
Qe = LI9 gL & 151 0.75% acetlc acid
0.75% acetic acld Z,
W Parent-0.81% Glucose & ®  Parent-0.81% alu & 4.02% xyl ZM
©  4.02% xylose ZM Qp=049g/L/h
Qsg = 1.01 g/l RS EtOH Yield = 48
Qsx = 0.84 g/L/h 4 h
&  Adapt.-0.83% Glucose & ©  Adapt.-0.83% glu & 4.03% xyl ZM
&  4,03% xvlose ZM Qp =0.65 g/L/h
Qsg = 1.04 g/L/h 05 EtOH Yield = 48
Qsx =112 gL/ 5 0.0% acetlc acid
0.0% acetic acid
+  Parent-0.83% glucose & R . +  Parent-0.83% glu & 4.04% xyl ZM
X 4.04% xylosg ™ ] Zm B120 - 98/01/27 - 98/01/29 Qp=0.79 gL
Qsx = 1.35 g/L/h 0.0 ¥ e T e EtOH Yield = 48
0.0 Pk e e T P TR T o O ° o 0 5 10 15 20 25 30 35 40 45 50 © Adapt-0.87% glu & 4.03% xyl ZM
0 5 10 (5 20 25 30 85 40 45 50 ¢ ami s Olcosed Qp = 0.90 g/Lin
TIME (h) EtOH Yield = 48

TIME (h) Qsx =1.55 g/L/h



% GLUCOSE or % XYLOSE

0.D. 600 nm.

Zm B126 - 98/03/25 - 98/03/27

TTTY T ITTrITTT

10 15 20 25
TIME (h)

Growth of "adapted” ATCC 39676:pZB4L in ¢CSL Media

4.5
409
3.5
3.0 7
2.5
2.0':
1.5
1.0

0.5

Zm B126 - 98/03/25 - 98/03/27 | "

[

x +

0.0
0

AR REARRAL AN’ B E NS RS RS RS ]

5

10

15 20 25 30 35 40
TIME (h)

0.83% ghu &

4.04% xyl- 25% cCSL +Zs
Qsg = 0.69 g/L/h
Qsx = 101 glih

0.79% glu &

4.02% xyl-.25%cCSL+ tap H20
Qsg = 0.65 g/L/h

Qsx = 1.06 wl./h

0.80% glu &

4.06% xyl-.25%cCSL
Qsg =057 p/Lik
Qsx = 0.79 g/L./h

087% glu &

4.14% xyl-.25%cCSL + Mg
Qsg =072 wL/h
Qsx = 1.03 g/L/h

0.82% glu &

4,02% xyl- .175% hyde CSL +75
Qsg =0.66 g/L/h
Qsx = 101 g/L/h

o (0.82%glu &

T8 4.00% Xyl - 1%cCSL + Zs

45 50

Qsg = 0.59 /1.
Qsx = 0.75 g/l./h

30 35 40 45 50

% ETHANOL

0.83% glu & 4.04% xyl-.25%cCSL+Zs
Biomass = 0.72g/L.
Y x/s = .020

0.79%gl & 4,02%xy-.25%cCSL+Tap H20
Biomass = 0.87 g/t

Y x/s =.022

0.80%gIn & 4.06% xyl-.25%cCSL
Biomass = 0.65p/1.
Y x/s = 021

0.875gl & 4.14%xyl-.25%cCSL+Mg
Biomass = 0.82 g/L
¥ x/s =022

0.79%g] & 4.02%xy-.18%hydr CSL +7s
Biomass = 0.77g/L
Y x/5 =020

0.82%glu & 4.00%xyl- 1%c{SL+Zs
Biomass = 0.68 g/L
Y xfs = 020

Growth of "adapted” ATCC 39676:pZB4L in ¢cCSL Media

3.0

2.5

2,04

Zm B126 - 98/03/25 - 98/03/27

e M S L B ELA B B T

5 10 15 20 25 30 35 40 45 50

TIME (h)

B 0.83%glu & 4.04%xyl-.25%cCSL +Zs

Qp = 0.60 g/lL/h
EtOl Yicld = 49

0.79%gl & 4.02%xy-.25%cCS1+Tap H20
Qp = 0.62 g/lL/h
EtOH Yield = 49

0.80%giu & 4.06% xyl-25%cCSL
Qp = 0.47 gl
EIOH Yicld = 49

0.87%glu & 4.14%xyl-.25%cCSL+Mg
Qp =06} g/l
EtOH Yield = .49

0.79%plu &4.02%xyl- 18%hydr.CSL+Zs
Qp =059 g/L/h
[0 Yield = 49

0.82%ghe & 4.00%xyl-.1%cCSL+Zs

Qp =045 gLih
EtOH Yield = 48



% GLUCOSE or XYLOSE

0.D. 600 nm.

Zm B130 - 98/04/22 -98/04/24

4.0

3.57

Growth of CP4:pZBS in 1% cCSL + tap water
with 0.4% acetate at pH 5.0 & 30°C

4.5

4.0

3.5

3.0

2.51

2.0

0 5 10

Zm B130 - 98/04/22 - 98/04/24

TIME (h)

15 20 25 30 35 40 45 60

0.82% gluose &
4.06% xylose
Qsg = 1.02 ¢/L/h
Qsx = 0.54 g/L/h

1.02% glucose &
4.02% xylose
Qsg = 1.22 g/lih
Qsx =054 g/L/h
1.22% glucose &
4.04% xylose
Qsg= 142 g/l
Qsx =0.55 g/LM

1.66% glucose &
4.09% xylose
Qsg = 1.66 g/L/
Qsx = 0.57 g/L/h
1.97% glucose &
4.08% xylose
Qsg=1.97 gL/
Qsx = 064 gL/
4.09% eglucose &
4.09% xylose
Qsg=272g/LM
Qsx = 0.60 g/L/h

TIME (h)

TYTTT YT TT T Y [T T TR T YT

10 15 20 25 30 35 40 45

% ETHANOL

Y

50

0.82% gin & 4.06% zyl
Biomass = 0.44 gL
Y afs = .043(.009)

1.02% glu & 4.02% xyl
Biomass =0.45 /L.
Y % =.038(.00%)

1.22% glu & 4.04% xyl
Biomass = 0.49 g/L
Y x/s = .036(.009)

1.66% glu & 4.09% ayl
Biomass = 0.68 g/L.
Y x/s = 035(.012)

1.97% gl & 4.08% xyl
Biomass = 0.80 g/L.
Y x/s = .037(.013)

4.09% gl & 4.09% xyl
Biomass = 0.87 g/L
Y xfs = 0200011}

Growth of Zm. CP4:pZBS in 1%cCSL + tap water

with 0.4% acetate at pH 5.0 & 30°C

4.0
3.5
3.0

2.51

2.0

Zm B130 - 98/04/22 - 98/04/24

T

5 10 15 20

25 30 35 40 45 50

TIME (h)

0.82% glu & 4.06% xyl
Qp =035 g/lL/h
EtOH Yield = .49

1.02% glu & 4.02% xy!
Qp =0.36 g/L./M
EtOH Yield = 48

1.22% glu & 4.04% xyl
Qp =038 g/lL/h
EIOH Yield = 48

1.6%gIu-E1OH
Qp =0.44 g/L/h
EtOH Yield = 48
1.97% glu & 4.08% xyl
Qp =0.50 g/Lh
EtOH Yield = 48
4.09% glu & 4.09% xyl

Qp=.70 gL/
EtOF Yield = .49



% GLUCOSE or % XYLOSE

0.D. 600 nm.

Growth of adapted ATCC 39676:pZB4L,
in ¢CSL + 0.4% acetate at pH 5.75 & 30°C

10

Zm B137 - 98/06/26 - 98/06/28

5 10 15

0

Zm B137 - 98/06/26 - 98/06/28

5 10

TIME (h)

15 20 25 30 35 40 45 509

0.85% glucose &

4.06% xyl-.25% cCSL+N+DH20

Qsg =085 g/L/h
Qsx =0.68 g/L/h

0.85% elucase &

4.03% xyl-.25% cCSL+N+lap H20

Qsg = 0.85 gL/
Qsx = 0.70 g'Lh

0.85% elucose &

4.04% xyl- 25%cCSL+AN+Zs
Qsg=085g/Lh
Qsx =0.74 g/L/h

0.85% elucose &

4.01% xyl-. 25%cCSL+N+Mg
Qsg=0.85 gL
Qsx = 0.72 g/Lh

0.88% glucose &

4.06% xyl-1%cCSL +tap H20
Qsg = 0.88 g/L/h
Qsx = 1.02 g/L/h

0.82% plucose &

4.04% xyl-ZM
Qsg=1.03 g/L/h
Qsx = 1.0t g/L/h

0 25 3
TIME (h)

% ETHANOL

¥ L) L) LA v
0 35 40 45 50

B5% gluda.06%xyl-.25%cCSL+N+DH20
Biomnass = 0.73 g/L
Y x5 =.030

85%ginded.03%xyl- 25%cCSL+HN+TapH20

Biomass = 0.76 g/L
Y x/s = .027

.85%gh:&4.04%xyl- 25%CcCSELN+ZS
Biomass = 0.75 g/L
Y xfs = 025

85%glu&4.01%xy}- 25%cCSL+N+My

Biomass = 0.86 g/l
Y x/s = 029

.B8%plu&d.06%xyi- 1 %cCSL+TapH 20
Biomass = 1.05 g/L
Y x/3 =.026

82%glu&4.04%xyl-ZM

Biomass = 1.03 g/l
Y #/s =.030

Growth of adapted ATCC 39676:pZB4L,
in cCSL + 0.4% acetate at pH 5,75 & 30°C

3.0

25

2.01

1.5

1.0

0.5

0.04

Zm B137 - 98/06/26 - 98/06/28

T ABARARS LERRA B

T T e T
10 15 20 25 30 35 40 45 50

TIME (h)

85%g} &4.06%xy-.25%cCSL+N+DH20
y
Qp =043 glLh
EtOH Yield = 50

£5%g| &4.03%ay-.25%cCSL+N+TapH20
Qp=044 LM
EtOH Yield = .50

85% glu & 4.04% xyl-.25%cCSL+N+ZS
Qp =046 g/L/h
EtOH Yield =.50

85% glu & 4.01% xyl-.25%cCSL+N+Mg
Qsg =045 gL/
EtOH Yield = .50

.88% glu & 4.06% xyl-1%cCSL+TapH20
Qp =052 g/Lth
EtOH Yield =.50

0.82% glu & 4.04% xyl-ZM

Qp = 0.60 g/L/h
EtOH Yield = .50



% glucose & xylose

Zm Bi40 - 98/07/15 - 98/07/17

10

0.D. 600 am.

Growth of "adapted” ATCC 39676:pZB4L
in 0.25% cCSL + (NH4)2ZHPO4 at pH 6.0 & 30°C

Zm B140 - 98/07/15 - 98/07/17

15 20 25 30 35 40 45 50
TIME (h)

TrrTY TV Y

10 15 20 25 30 3
TIME (h)

.78% glucose &

3.96% xyl-.25% c¢CSL + DH20
Qsg = 0.62 g/L/h
Qsx = 0.82 g/L/h

0.79% glucose &

3.94% xyl-.25% cCSL + tap H20
Qsg = 0.66 g/L/h
Qsx =0.87 g/L/h

0.80% glucose &

4.04% xyl-.25% cCSL + Z salts
Qsg =073 gLh
Qsx = L12 g/lL/h

0.79% glucose&

3.97% xylose-.25% c¢CSL + Mg
Qsg =0.72 g/Lh
Qsx = L10 g/

Original strain - 0.78% glucose &
3.99% xyl-.25% cCSL + Z salls
Qsg=0.78 g/L/h
Qsx = 0.83 gL/h

CP4:pZB5-0.79% glucose &
3.94% xyl - 25% ¢CSL + Z salts
Qsg = 0.76 g/Ll./h
Qsx = 1.04 g/L7h

45 50

% ETHANOL

0.78%G & 3.96%X-.25%cCSL+DHZO
Biomass = 0.76 g/L
Y w5 = 024

0.79%G & 3.94%X-.25%cCSL +apH20
Biomass = 0.80 g/L
Y ws = 024

0.80%G & 4.04%X-.25%cCSL+Zsalts
Biomass = 0.84 g/
Y x/s =.019

0,79%G & 3.97%X-.25%cCSL+Mg

Biemass = 0.86 g/L
Y x/s=.021

Original-0.78%G & 3.99%X-.25%cCSL+Zs

Biomass = 0.90 g/L
Y w/s = .026

CP4:pZB35-0.79%G & 3.94%X-.25%cCSL+Z¢
Biomass = 0.99 g/L
Y x/s = .024

Growth of "adapted” ATCC 39676:pZB4L
in 0.25% ¢CSL + (NH4)2HPO4 at pH 6.0 & 30°C
o

25

2.0 1

1.0

0.5

Zm B140 - 98/07/15 - 98/07/17

o

YT | A T

e EARES A T T Trrer
5 10 15 20 25 30 35 40 45 50

TIME (h)

0.78%g) & 3.96%xy-.25% cCSLADH20
Qp =0.48 g/lL/h
EtOH Yield = 49

0.79%g! & 3.94%xy-.25%cCSE+apH20
Qp=0.52 gL
EtOH Yield = 49

0.80%g! & 4.04%xy-.25%cCSL+Z salts
Qp =0.65 g/L/h
EtOH Yield = 49

0.79% glu & 3.97% xy-.25%cCSL+Mg

Qp = 0.65 /LM
EICH Yield = 49

Original -0.78%G&3.99%X-.25%cCSL+Zs
Qp = 0.49 glL/h
FLOH Yield = 49

CP4:pZB5-0.79%G&3.94%X-.25%cCSL+Zs

Qp =0.6] gLM
EIOH Yield = 49
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Zymomonas

media formulations

Yeast Extract (Difco) 10.0 3.0

¢CSL (mL)

NH,4Cl - 0.8
(NH4,HPO,4 (DAP) - -
KH,PO4 2.0 3.48
MgS0,47H,0 - 1.0
FeS04.7H,0 - 0.01
Citric acid - 0.21
Distilled water (L) 1 1

5.0

0.8

3.48
1.0

0.01

0.21
1

3.48
1.0

0.01

0.21
1

12.5

1.23
3.48
1.0

0.01

0.21
1

Clarified CSL (cCSL) = CSL diluted 1:4, centrifuged and filter sterilzed

* Goodman et al. (1982) Appl. Environ. Microbiol., 44(2). 496-498
* Lawford (1988) Appl. Biochem. Biotechnol., 17: 203-209
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Comparative Growth & Fermentation Performance
with Glucose as Sole Sugar
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Comparative Growth & Fermentation Performance

with Xylose as Sole Sugar
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Comparative Growth & Fermentation Performance
Using a Nutrient-rich Medium with 4% Xylose & 0.8% Glucose
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Effect of Replacing CSL with Inorganic Nitrogen

T 4-fold reduction in level of cCSL

1.5- supplementation with DAP

1.05 1.01
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Comparative Growth & Fermentation Performance
in Rich Medium with 0, 0.4% & 0.75% Acetic Acid
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Comparative Growth & Fermentation Performance
in ¢cCSL Medium with 1% Acetic Acid
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Acetic Acid Sensitivity of rZm CP4:pZB5, 39676:pZB4L
and "adapted" variant 39676:pZB4L(A)
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Comparative Growth & Fermentation Performance
with reduced ¢CSL and 0.4% Acetic Acid
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Continuous culture of "adapted396767:pZB4L
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Note: The following “CONCLUSIONS” were presented at the
NREL Seminar last year (which took place on March 13, 1997)

‘*ONCLUSIONS

. 1 . Zymomomzs recombmants can utlhze xylose as sole fermentable sugar and they
- are charactenzed by a very high sugar-to-ethanol conversion efficiency (96-98%).

2. Glucose supplementation of prehydrolyzate is an effective means of increasing cell
- mass, but the économic impact was not evaluated. The ‘physiological state’
(hlstory) of the seed culture can affect energetlc uncouplmg resulting in decreased -
: ﬁnal cell mass concemratlon '

3. The composmon of CSL is variable. At a volumetric suppiementanon rate of 1%
- {v/v), the cost of using cCSL is not negligible and there is a need to identify potential
altematwe cost-effective nutritional supplements

4. AtpH 6.0, there is a 50% reduction in cell mass concentration at an acetic concentration of
. about 3 4 g/L Concentrations of HAc >4mM are to be avoided

5 . - Acetlc ac1d concentxahon is feedstock spec1ﬁc Elevatmg pH reduces acetic acid
' sensﬂnwty but promotes a decrease i in ethanol yield (especially at low growth
" rates in rlch medla)

6. er CP4:p_ZBS_ may be more acetic acid resistant than 39676:pZB4L

7. tZmis compétible with long-term continuous culture at low dilution rates and
T “adaptauon may play arole in capac1ty for ‘near complete’ xylose utxhzanon @
Atitef

March 13, 1997

rof. Hugh G.Lawford Bio-engineering Laboratory
NIVERSITY OF TORONTO - 15 - Medical Sciences Building - Rm 5303
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APPENDIX

Supplementary Materials

Figure 1 - 19th Sym. (1997) with new data added
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Growth & Fermentation of Rich Medium with 6% (w/v) Xylose
Using rZm 39676:pZB4L
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Effect of Ethanel on Xylose Utilization by Recombinant Zvmomonas
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ABSTRACT

Xylose-fermenting recombinant Zymomonas mobilis has been proposed as a candidate biocatalyst for
the production of fuel ethanol from cellulosic biomass and wastes. This study documents the effect of
glucose on xylose utilization by recombinant Z mobilis CP4:pZBS5 using a nutrient-rich synthetic
(pure sugar) hardwood dilute-acid prehydrolyzate medium containing 0.8% (w/v) glucose and 4%
(w/v) xylose that was enriched with respect to xylose concentration within the range 6% to 10% (w/v)
xylose. Supplementation with glucose to a final concentration of 2% (w/v) resulted in faster xylose
utilization of both 6% and 8% xylose; however, higher levels of glucose supplementation (>2%) did
not result in a decrease in the time required for fermentation of either 6% or 8% xylose. An
improvement in the rate of 8% xylose utilization was also achieved through continuous glucose
feeding in which the total glucose concentration was about 1.3% (w/v). This fed-batch experiment
was designed to mimic the continuous supply of glucose provided by the cellulose saccharifying
enzymes in a simultaneous saccharifying and cofermentation process. The upper limit ethanol
concentration at which xylose utilization by recombinant Z. mobilis CP4:pZB5 is completely inhibited
is about 5.5% (w/v) at pH 5 and >6% at pH 5.75. At pH 5.75, this level of ethanol was achieved
with the following media of pure sugar mixtures (each containing the same sugar loading of 12%
(w/v): (1) 6% xylose + 6% glucose; (ii) 8% xylose + 4% glucose, and (iii) 4% xylose + 8% glucose.
At the level of inoculum used in this study, complete fermentation of the 12% sugar mixtures required
2-3 days (equivalent to a volumetric ethanol productivity of 0.83 - 1.25g ethanol/L.h). The sugar-to-

ethanol conversion efficiency was 94-96% of theoretical maximum.

KEY WORDS - recombinant Zymomonas, Xylose, ethanol tolerance,
cofermentation, prehydrolyzate, glucose feeding

Running Title: Rec Zymomonas: high xylose

* Author to whom all correspondence should be addressed
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INTRODUCTION

Recombinant Zymomonas mobilis (rec Zm) carrying genes for xylose metabolism from E. coli (1,2)

is one of several biocatalysts for the production of ethanol from biomass that is currently under
investigation by the National Renewable Energy Laboratory (NREL, Golden, CO) (3-6). In the
different simultaneous saccharification and fermentation process designs for the production cellulosic
fuel ethanol currently being assessed by NREL, a prerequisite of the biocatalyst is the ability to
coferment, in high yield, the major hemicellulosic and cellulosic sugars, namely xylose and glucose,
respectively (7,8).We have already demonstrated that recombinant Zymomonas has excellent
cofermentation characteristics in laboratory synthetic media and in hardwood prehydrolyzate in both
batch and continuous fermentations (9,10). In previous work with different Zm recombinants, the
majority of pH-stat batch fermentations were conducted with media that contained 5:1 ratio of xylose
to glucose, with a maximum xylose concentration of 4% (w/v) (10,11). We demonstrated that the
presence of 0.8% glucose in the medium significantly reduced the time required for complete xylose
utilization (9). These concentrations of xylose (4% w/v) and glucose (0.8% w/v) were selected to
mimic the composition of NREL’s dilute-acid hardwood hemicellulose hydrolyzate (12,13). In
Zymomonas, glucose and xylose compete for the same membrane transporter (14). Since the affinity
of the transport system is much higher for glucose than xylose (14), it is reasonable to expect that
batch productivity would be affected by the ratio of these two sugars in the medium. Apart from an
investigation into the efficacy of glucose feeding on reducing the inhibitory effect of acetic acid on
xylose utilization (11), no attempt had been made previously to optimize the level of glucose
supplementation for the purpose of effecting maximal rate of xylose utilization. The objective of this
study was to examine the effect of glucose on xylose utilization (ie. the time required for complete
xylose consumption) using a xylose-enriched synthetic (pure sugar) hardwood prehydrolyzate
medium in which the xylose concentration was in the range 6% to 10% (w/v). Furthermore, it was
anticipated that these experiments at elevated sugar levels would also afford an opportunity to assess

the effect of ethanol on xylose fermentation by recombinant Zymomonas.
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MATERIALS ano METHODS

Organism
The xylose-utilizing recombinant Z. mobilis strain CP4 carrying the plasmid pZB5 (designated as
Zm CP4:pZB5) (1,2) was received from M. Zhang (NREL, Golden, CO, USA). Stock cultures were

stored in glycerol at -70°C and pre-cultures were prepared as described previously (9).

Preparation of inoculum Overnight flask pre-cultures were harvested by centrifugation (16,300
x g for 10min) and the cell pellet resuspended in RM medium without sugar (15) to yield a
concentrated cell suspension that was used to inoculate the batch fermentors. The initial optical density
(OD, lcm light path at 600nm) was in the range 0.2-0.25 corresponding to 60-75 mg dry cell mass
(DCM) per liter.

Fermentation medium and equipment

The fermentation medium (designated as “ZM”) was prepared with glass distilled water and contained
the following ingredients: 5g/L Difco Yeast Extract (YE) (Difco Laboratories, Detroit, MI); 3.48g/L
KH,PO4: 0.8g/L NH4Cl; 0.5g/L MgSO4; 0.01g/L FeSO4 7H0; 0.21g/L citric acid; 20mg/L
tetracycline. The amount of glucose and xylose added to the medium was variable. The medium and
stock sugar solutions were autoclaved separately. Batch and fed-batch fermentations were conducted
with about 1500mi medium in 2L bioreactors (model F2000 MultiGen, New Brunswick Scientific,
Edison, NJ) fitted with agitation (100 RPM), pH, and temperature control (30°C). The pH was
monitored using a sterilizable combination pH electrode (Ingold). The standard pH control set-point
was 5.75 and the pH was kept constant by the automatic titration with 4N KOH. In fed-batch
fermentations, a peristaltic pump was used to deliver 4.85% (w/v) glucose at a constant rate of 2mL/h
through the central agitator shaft of the bioreactor; the flow rate was determined with the aid of an in-
line pipette. The glucose feed was initiated after 8h elapsed fermentation time when most of the initial

0.8% glucose had been consumed.

Analytical procedures, growth and fermentation parameters

Growth was measured turbidometrically at 600nm (1 cm light path) (Unicam spectrophotometer,
model SP1800). In all cases the blank cuvette contained distilled water. Dry cell mass (DCM) was
determined by microfiltration of an aliquot of culture followed by washing and drying of the filter to
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constant weight under an infrared heat lamp. Fermentation media and cell-free spent media were

compositionally analyzed by HPLC as described previously (9). The ethanol yield (Yprs) was

calculated as the mass of ethanol produced per mass of sugar consumed. The volumetric ethanol
productivity was determined by dividing the final ethanol concentration by the total batch fermentation

time.

RESULTS and DISCUSSION

Growth and fermentation performance of recombinant Zm in xylese-enriched
synthetic hardwood prehydrolyzate medium

In previous work we used a synthetic biomass (hardwood) prehydrolyzate medium (BPH) to assess
the gth and cofermentation performance characteristics of recombinant Z. mobilis CP4:pZBS5 (9)
and 39676:pZB4L (11). The nutrient-rich synthetic BPH media were formulated to model the sugar
concentration in the NREL hardwood (yellow poplar) dilute-acid prehydrolyzate (12,13) and
contained 4% (w/v} xylose and 0.8% (w/v) glucose (9,11). In this work, the formulation of the
synthetic BPH was modified slightly by reducing the level of yeast extract 50% and by the addition of
both ammonium and magnesiufn salts (see Materials & Methods). Furthermore, in this work the pH
was controlled slightly lower at 5.75 compared to 6.0 previously. However, these modifications did
not significantly alter the growth and cofermentation performance of recombinant CP4:pZBS5 (Fig. 1;
open circle symbol) relative to what had been observed previously with 0.8% glucose and 4% xylose
(9). The almost superimposable optical density trajectories in Figure 1A show that increasing the
xylose loading of the BPH medium to give final xylose concentrations of 6% (w/v) and 8% (w/v) did
not appreciably affect either the growth rate or yield. The final cell mass concentrations for the
standard 4% xylose BPH, 6% and 8% media were 1.3'9, 1.46 and 1.48 g DCM/L, respectively (Table
1). Growth was affected when the media contained 10% xylose (Fig 1A); in this case the final cell
concentration was reduced 1.18 g DCM/L (Tabie 1).

Using the standard 4% xylose BPH medium, what is typically observed is that the rate of xylose
utilization slows exponentially when the residual xylose concentration falls below about 0.5% (w/v)
(Fig 1B) and this is most probably due to the relative low affinity of the membrane transporter for
xylose compared to glucose (14). This “tailing off”” phenomenon with respect to xylose utilization is a

characteristic of recombinant Zm and is independent of any inhibitory effect of ethanol (1,8,9,11).
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Utilization of the 0.8% glucose is progressively protracted at increasing levels of xylose
supplementation (Fig. 1B). This pattern is consistent with both sugars entering the cell by a common
membrane transporter (14). The medium with 6% xylose was completely fermented in 48h (Fig 1B).
Previously, we had observed with another recombinant strain that when 2% xylose was added to the
medium following the almost complete fermentation of the synthetic BPH, the xylose was completely
utilized within 48h (11). Neither the 8% or 10% xylose media were finished when the experiment
was terminated at 54h (Fig 1B), although in both cases the final ethanol concentration (Fig. 1C, Table
1) was well below what might be considered “inhibitory” (16). The ethanol productivity associated
with all these batch fermentation was very similar (Table 1). This may be a consequence of the
similarity in cell density for these fermentations (Table 1). The ethanol yield was 0.48g ethanol/g
sugars consumed, which represents 94% of the theoretical maximum sugar-to-ethanol conversion
efficiency (Table 1). This series of batch fermentations with 0.8% glucose and increasing amounts of
xylose showed the potential for improving the productivity through an increase in the rate of xylose

utilization, especially with higher levels of xylose.

Fermentation of 6% xylose supplemented with different amounts of glucose

In this series of pH-stat batch fermentations, we explored the effect of increasing levels of glucose
supplementation of a medium containing 6% xylose. In the absence of glucose, the recombinant
grows relatively slowly (Fig 2A) and the final cell mass concentration is 0.74 g DCM/L (Table 1).
Slow growth in the absence of glucose is a recognized characteristic of this recombinant (1), but it
was interesting to note that the final cell concentration with 6% xylose was very similar to what was
observed previously with either 2.5% (unpublished results) or 4% xylose (9). This phenomenon of
growth limitation cannot be explained in terms of nutrient limitation since the medium used was
nutrient rich and clearly capable of supporting higher cell mass concentrations than the limit of 0.74
achieved with xylose as the sole sugar and energy source. Hence the explanation of this observation

remains problematic.

Supplementation of the 6% xylose medium with glucose resulted in faster growth (Fig 2A) and a final
cell mass concentration that was proportional to the amount of glucose added (Table ). In the absence
of glucose supplementation, about 1.5% xylose remained unconsumed when the experiment was
terminated at 72h, whereas all the xylose was completely consumed in 48h when 0.8% glucose was

added to the 6% xylose medium (Fig. 2C). The rate of xylose utilization is improved by the addition
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of 2% glucose to the medium; however, levels of glucose supplementation >2% caused the time
required for complete 6% xylose utilization to increase from 48h to >60h (Fig. 2C). In the case of
supplementation at the level of 4% and 6% glucose, the utilization of xylose may be initially retarded

because of competitive inhibition of xylose uptake by glucose.

In the experiment with 6% xylose and 6% glucose, complete xylose utilization was achieved after 62h
(Fig. 2C). The final ethanol concentration was 5.9% (w/v) (Fig. 2D), which represents an ethanol
yield of 0.49g/g or a sugar conversion efficiency of 96% of theoretical maximum (Table 1). This
observation with respect to maximum ethanol concentration has particular relevance in terms of the
recent suggestion made by Rogers ef al. (16) regarding this recombinant: “...at least one of the
enzymes, which has been cloned into Z. mobilis to facilitate pentose metabolism, has been fully
inhibited by 55g/L. ethanol.” (p305) In another section of this study we have further explored the

effect of ethanol on xylose fermentation.

This series of batch fermentations demonstrate that the time required by the recombinant (at the
inoculation level employed) to ferment 6% xylose can be significantly reduced through glucose
supplementation and furthermore they suggest that the optimal effect is achieved within the range of

0.8-2% (w/v) glucose.

Fermentation of 8% xylose supplemented with different amounts of glucose

In this series of pH-stat batch fermentations, we explored the effect of increasing levels of glucose
supplementation of a medium containing 8% xylose. We were interested to see if the same enhancing
effect of glucose on xylose utilization that had been observed with 6% xylose could be achieved at

higher levels of xylose.

Supplementation of the 8% xylose medium with 0.8%, 2% and 4% glucose resulted in
proportionately higher final cell mass concentrations (Fig. 3A, Table 1). With the addition of 0.8%
glucose, 1.2% xylose remained unconsumed after 72h whereas with 2% glucose added to the
medium, the 8% xylose was completely fermented to ethanol (yield = 0.48g/g) in 72h (Fig. 3B).
Increasing the amount of glucose from 2% to 3% (not shown) or 4% did not shorten the time required
for complete xylose utilization (Fig. 3B). With 4% glucose, the final ethanol concentration was 5.7%
(w/v) (Fig. 3C, Table 1) and this level of ethanol may have contributed to a retardation of xylose

utilization towards the end of the fermentation (Fig. 3B). It was concluded that xylose utilization can
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be enhanced by means of glucose supplementation with the level of 2% glucose producing the fastest
g % p

utilization of the 8% xylose.

In another related experiment, that was part of a separate study (data not plotted), we observed that a
mixture of 4% xylose and 8% glucose was completely fermented in 60h with a final ethanol
concentration of 5.82% (w/v) and volumetric productivity of 0.97g/L/h (Table 1). With this mixture
the final cell density was 2.37 g DCM/L; the 8% glucose was completely fermented in 34h and the 4%
xylose was completely utilized in 60h (Table 1). Like the experiment with the 8% xylose and 4%
glucose (Fig. 3C), the relatively high level of ethanol generated from the 8% glucose and 4% xylose
medium may have protracted the time required to complete the fermentation by inhibitiing xylose

utilization in the final stages of the baich fermentation (50-60h) (results not shown).

In the simultaneous cofermentation (SSCF) process design proposed by NREL (5,7) the
saccharification of cellulose would provide a continuous supply of glucose to the ethanologenic
biocatalyst. In order to model this situation whereby the continuous supply of glucose might not be
expected to cause the same level of competitive inhibition of xylose uptake produced by the higher
levels of glucose supplementation previously tested, we performed a fed-batch experiment in which
glucose feeding was initiated after the 0.8% glucose had been consumed in batch mode. The feed
reservoir contained 4.85% (w/v) glucose and the feed rate was constant at 2ml/h over the period from
8h to 72h (Fig 3; open triangle symbol). In the fed-batch experiment, the level of glucose
supplementation was equivalent to 1.28% (w/v) (0.8% + 0.48%). Glucose feeding promoted growth
beyond the level observed with the standard BPH medium (Fig. 3A); the final cell mass concentration
was 1.66 g DCM/L (Table 1). However, perhaps most significant was the observation that the xylose
utilization trajectories for the 2% glucose supplemented medium and the fed-batch fermentation were
very similar (Fig. 3B). In a previous study with recombinant Zm we demonstrated the benefit of
providing a continuous supply of glucose for xylose fermentation in reducing the effect of inhibition
by acetic acid (11). The results of the present work with the fed-batch fermentation auger well for the
performance of recombinant Zm in the simultaneous saccharification cofermentation process for the

production of cellulosic ethanol where the xylose concentration is expected to be in the range 4 to 6%.
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Effect of ethanol on xylose utilization

Wild-type Zymomonas is known to be as ethanol tolerant as yeast (17-20); however, xylose utilizing
recombinant Zymomonas appears to be more sensitive to end-production inhibition in terms of xylose
fermentation (16). This study at elevated levels of xylose provided an opportunity to assess the effect
of ethanol on xylose utilization by recombinant Zm CP4:pZB5. Both the fermentation with 6% xylose
and 6% glucose and the fermentation with 8% xylose and 4% glucose produced final ethanol
concentrations which exceeded the xylose fermentation limit of 5.5% (w/v) (Table 1) proposed

recently by Rogers et al. for this recombinant strain (16).

Since it had been demonstrated that the recombinant produced 4.8% (w/v) ethanol from a medium
containing 8% xylose and 2% glucose, the addition of 1.5% (w/v) ethanol to a medjum containing 8%
xylose and 2% glucose should in theory yield a final ethanol concentration of about 6.3% (w/v)
(4.8% + 1.5%). Figure 4A shows that addition of 1.5% (w/v) ethanol had only a slight inhibitory
effect on growth; the final cell mass concentration fell from 1.79 to 1.73 g DCM/L (Table 1).
Likewise, this level of exogenous ethanol did not appreciably affect glucose utilization (Fig. 4B);
however, it did inhibit xylose utilization (Fig. 4B). In the absence of added ethanol the 8% xylose
was completely fermented in 72h, but in the presence of 1.5% (w/v) exogenous ethanol, about 1.4%
xylose remained unconsumed at 72h (Fig. 4B) when the ethanol concentration was 5.6% (w/v) (Fig.
AC, Table 1). The inhibitory effect of ethanol was already apparent at 24h when the ethanol
concentration was approximately 4% (w/v) (Fig.4B and 4C). In the absence of added ethanol, the
control fermentation with 8% xylose and 2% glucose does not achieve a level of 4% ethanol until

about 40h elapsed fermentation time (Fig. 4C).

Cofermentation by recombinant Zm of 6.5% xylose and 6.5% glucose

The results of the experiment with 6% xylose and 6% glucose that are shown in Figure 2 are very
similar to the observations reported last year by Rogers ez al. (16) using this same recombinant and
medium; however, whereas our experiments were performed at pH 5.75, it was noted that their
experiment was performed with the pH controlled at 5.0 (16). At a sugar-to-ethanol conversion
efficiency of 94% (equivalent to an ethanol yield of 0.48g/g), the expected yield of ethanol from a
mixture of 6.5% xylose and 6.5% glucose is 6.24% (w/v) ethanol. This leve] of ethanot is higher than

had been observed in our previous experiments. It was not known to what extent the pH might affect




Rec Zymomonas: high xylose LAWFORD and ROUSSEAU 10

either the rate of xylose utilization or the final ethanol concentration. Figure SA shows that the final
cell mass concentrations at pH 5.0 and 5.75 are similar. Utilization of glucose is slightly faster at the
higher pH (Fig. 5B). The utilization of xylose appears to be affected by the difference in pH only
towards the end of the fermentation as the ethanol concentration rises above 5% (w/v) (Fig. 5B). We
chose to control the pH at the higher set-point in our experiments with a view to reducing the
inhibitory effect of acetic acid that is present in hardwood dilute-acid prehydrolyzate (9,21).
However, at more tolerable levels of acetate brought about by some treatment that removes acetic acid
from the prehydrolyzate or alternatively through the use of an acetate-tolerant mutant (22), operation at
the lower pH of 5 would be beneficial to the proposed SSCF process to better accommodate the pH

optimum of the cellulose saccharifying enzymes (7).

In the context of the effect of ethanol on xylose utilization by the recombinant, it is most interesting to
note that the fermentation appeared to stall with a residual of about 1% xylose at pH 5.0 when the
ethanol concentration reached 5.5% (w/v) after 32h, whereas at pH 5.75, all the xylose was
consumed and the ethanol concentration was 6.2% (w/v) after 48h (Fig. 5B). These experiments
suggest that, for this rec Zm strain, the upper limit concentration of ethanol, at which xylose
utilization is completely inhibited, is pH-dependent. The experiments leading to the previously

proposed limit ethanol concentration of 5.5% were performed at pH 5.0 (16).

At this meeting Joachimsthal ez al. (23) reported that another NREL-generated recombinant Zm strain,
namely rec Zm 31821:pZBS5 (also known as “ZM4:pZB5”) can completely ferment a mixture of 6.5%
xylose and 6.5% glucose in 48h (at 30°C and pH 5.0) producing “in excess of 60g/L”; “the yield
based on sugars available was in excess of 90% of theoretical” (Abstract #10). Z. mobilis ZM4
(ATCC 31821) is the subject of several patents (24,25) and is claimed to be superior to other wild-
type strains with respect to several key process techno-ethanologenic traits (17). The volumetric
ethanol productivity of 1.25g/L/h exhibited by ZM4:pZBS5 is similar to that observed in our present
study under similar experimental conditions and sugar loading (Table 1). Although it may well be
that, because of its pH optimum and ethanol tolerance, Z. mobilis ZM4 proves to be a more robust
host for pentose metabolic engineering, the present study points to the importance of making
performance comparisons under identical conditions since at pH 5.75 rec CP4:pZBS5 appears to

perform as well as rec ZM4:pZB5 atpH 5 (23).
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Finally, it is recognized that recombinant Zymomonas is not the only candidate biocatalyst for the
production of biomass-derived fuel ethanol (for review see ref. 26). Other promising metabolically
engineered ethanologenic biocatalysts include E. coli strains KO11 (27) and SL40 (28), K. oxytoca
M5A1 (29), and the xylose-fermenting yeast recombinant S. cerevisiae 1400(pLNH33) (30). In a
review of recent data concerning the xylose fermentation and cofermentation performance
characteristics of these different recombinants, Rogers et al. (16) point out that: “all have comparable
ethanol tolerances at this stage of development (viz., 55-60g/L) as well as similar yields and
productivities.” (p306) A proper comparison of productivities is made difficult because of the
influence of inoculum size; however, techno-economic sensitivity ahalyses have shown ethanol yield
to be the prime factor in the cost of cellulosic ethanol production (31,32) From this perspective, it is
perhaps noteworthy that the most recent published information concerning cofermentation of xylose
and glucose by recombinant S. cerevisae 1400(pLNH33) indicates that the conversion efficiency is
only 80% of theoretical (33) Therefore, at least with respect to yield, it appears that recombinant
Zymomonas is superior. Nevertheless, we agree with Rogers et al. (16) in their statement that “other
factors (that are) likely to influence the final selection of the optimal strain include strain stability,
resistance to inhibitors, susceptibility to contamination and safety/regulatory issues related to large-

scale fermentations with recombinant microorganisms.” (p306).
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Figure Captions

Fig. 1  Fermentation of synthetic hardwood prehydrolyzate fortified with different amounts of
xylose (A) Growth, (B) glucose and xylose utilization, and (C) ethanol production. The ZM medium
(see Methods) contained 0.8% (w/v) glucose and was supplemented with 4, 6, 8 or 10% (w/v)
xylose. The temperature was kept constant at 30°C. The pH-control set-point was 5.75. The
maximum dry cell mass concentrations and values for both ethanol yield and productivity are given in
Table 1.

Fig. 2  Fermentation of 6% xylose medium supplemented with different amounts of glucose. (A)
Growth, (B) glucose utilization, (C) xylose utilization, and (D) ethanol production. The ZM medium
contained 6% (w/v) xylose and was supplemented with 0, 0.8, 2, 4 or 6% (w/v) glucose. The
temperature was 30°C and the pH was 5.75. The maximum dry cell mass concentrations and values
for both ethanol yield and productivity are given in Table 1.

Fig. 3  Fermentation of 8% xylose medium supplemented with different amounts of glucose. (A)
Growth, (B) glucose and xylose utilization, and (C) ethanol production. The ZM medium contained
8% (w/v) xylose and was supplemented with 0.8, 2 or 4% (w/v) glucose. In the fed-batch experiment
(open triangles), the glucose feed (4.85%) was started after 8h; the feed rate was 2ml/h and continued
until the fermentation was terminated at 72h. The temperature was 30°C and the pH was 5.75. The
maximum dry cell mass concentrations and values for both ethano! yield and productivity are given in
Table 1.

Fig. 4  Effect of 1.5% (w/v) exogenous ethanol on the fermentation of 8% xylose and 2% glucose
by recombinant Zm CP4:pZB5 (A) Growth, (B) glucose and xylose utilization, and (C) ethanol
concentration. The ZM medium contained 8% (w/v) xylose and was supplemented with 0.8 or 2%
(w/v) glucose. In the experiment with added ethanol (open circles), the medium contained 8% xylose,
2% glucose and 1.5% (w/v) ethanol. The temperature was 30°C and the pH was 5.75. The maximum
dry cell mass concentrations and values for both ethanol yield and productivity are given in Table 1.

Fig. 5 Cofermentation of 6.5% xylose and 6.5% glucose at pH 5.0 and 5.75 (A) Growth, (B)
glucose and xylose utilization, and {C) ethanol production. The ZM medium contained equal
concentrations (6.5% w/v) of xylose and glucose. The temperature was 30°C and the pH was
controlled at either 5.0 (open circles) or 5.75 (filled circles). The maximum dry cell mass
concentrations and values for both ethanol yield and productivity are given in Table 1.

SFIGURES and 1 TABLE
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Table 1  Summary of growth and fermentation parameters

Medium (sugar conc'n) Maximum Maximum  Ethanol Ethanol
Xylose  Glucose Cell Mass Ethanol Yield Productivity
% (WiV) %% (WIV) {g DCM/L) QL) (g/Q) (g EtOH/L/h)

Expts. for Figure 1

4 0.8 1.39 23.0 0.48 0.68

6 0.8 1.46 33.0 0.48 0.69

8 0.8 1.48 33.6 0.48 (0.62)

10 0.8 1.18 33.9 0.47 (0.63)
Expts for Figure 2

6 0 0.74 23.0 0.48 {0.32)

6 0.8 1.46 33.0 0.48 0.69

6 2 1.69 39.7 0.49 0.83

6 4 1.85 49.5 0.49 0.69

6 6 2.03 58.6 0.49 0.95
Expts. for Figure 3

8 0.8 1.48 36.6 (.48 (0.51)

8 2 1.79 47.7 0.48 0.66

8 4 2.03 57.2 0.48 0.79

4 8 2.37 58.2 0.49 0.97

Fed-batch (0.48 % w/v Gic added over 64h)

8 0.8 1.66 447 0.48 0.62
Expts. for Figure 4

8 2 1.79 47.7 0.48 0.66

8* 2" 1.73 56.2 0.48 (0.57)
Expts. for Figure &

6.6 6.7 2.46 61.9 0.46 1.29

6.5¢ 6.5+ 2.44 58.0 0.47 1.18

* pH5.0

* 1.5% (w/v) ethanol added
Brackets around values for Ethanol Productivity indicate that xylose utilization was incomplete
when batch fermentation was terminated
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ABSTRACT

Long-term (149 days) continuous fermentation was used to adapt a xylose-fermenting
recombinant Zymomonas mobilis, strain 39676:pZB4L, to conditioned (overlimed) dilute-
acid yellow poplar hemicellulose hydrolyzate (“prehydrolyzate”). An “adapted” variant was
isolated from a chemostat operating at a dilution rate of 0.03/h with a 50% (v/v)
prehydrolyzate, corn steep liquor and sugar-supplemented medium, at pH 5.75. The level of
xylose and glucose in the medium was kept constant at 4% (w/v) and 0.8% (w/v),
respectively. These sugar concentrations reflect the composition of the undiluted hardwood
~ prehydrolyzate. The level of conditioned hardwood prehydrolyzate added to the medium was
increased in 5% increments starting at a level of 10%. At the upper level of 50%
prehydrolyzate, the acetic acid concentration was about 0.75% (w/v). The adapted variant
exhibited improved xylose fermentation performance in a pure sugar synthetic hardwood
prehydrolyzate medium containing 4% xylose (w/v), 0.8% (w/v) glucose and acetic acid in
the range 0.4-1.0% (w/v). The ethanol yield was 0.48-0.50g/g; equivalent to a sugar-to-
ethanol conversion efficiency of 94-96% of theoretical maximum. The maximum growth
yield and maintenance energy coefficients were 0.033 gDCM/g sugars and 0.41 g sugars/g
DCM/h, respectively. The results confirm that long-term continuous adaptation is a useful
technique for effecting strain improvement with respect to the fermentation of recalcitrant

feedstocks.

KEY WORDS - recombinant Zymomonas, continuous cofermentation, xylose, hardwood

prehydrolyzate, ethanol yield, adaptation, acetic acid

Running Title: Prehydrolyzate-Adapted Rec Zm
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INTRODUCTION

The efficient fermentation of xylose-rich hemicellulose hydrolyzates (*‘prehydrolyzates™) represents an
opportunity to significantly improve the economics of large-scale fuel ethanol production from
lignocellulosic feedstocks (1). Although biomass-derived fuel ethanol is not yet economically
competitive with gasoline, significant technological advances in both process configuration and
biocatalyst performance have resulted in a progressive reduction in estimated production costs (2,3).
It has been proposed that significant additional processing cost reductions can be achieved through a
combination of process consolidation (4), economies of scale (3) and improved energy utilization
(4,5}). For example, advances in bioconversion process consolidation would involve reducing the
number of bioreactors through a progression from processes based on sequential hydrolysis and
fermentation to ones employing simultaneous hydrolysis and fermentation (6,7). Similarly, advanced
designs would employ continuous rather than batch operation. Continuous flow systems configured
for cell retention or cell recycling offer the potential of increased productivity and reduced capital
expense due to bioreactor size reduction (8).

One of several biomass-to-ethanol processes currently under investigation by the National Renewable
Energy Laboratory (NREL)} is a simultaneous saccharification and cofermentation (SSCF) process
that involves a dilute-acid pretreatment and a patented (9), metabolically engineered Zymomonas
mobilis that can coferment glucose and xylose (10-14). Encouraging cofermentation performance data
with respect to both ethanol yield and productivity have been obtained for recombinant Zymomonas
using synthetic prehydrolyzate media and pH-stat batch fermentors (15-17). Dilute acid-catalyzed
pretreatment is efficient and cost-effect (18-20), but the resulting “prehydrolyzate” contains acetic acid
which is known to be inhibitory to ethanologenic microorganisms (2,21,22). The effect of acetic acid
on wild-type Zymomonas has been documented (23-25). We have studied the effect of acetic acid on
xylose utilization by recombinant Zymomonas in pH-stat batch (15) and glucose fed-batch
fermentations (16). The successful results of preliminary batch trials with recombinant Z. mobilis in a
laboratory SSCF system using 3.5% (w/v) xylose, 6% (w/v) Sigmacell cellulose and cellulase (25
FPU/g cellulose) were presented at the seventeenth Symposium in 1995 (12). At this year’s
Symposium, NREL is reporting on pre-pilot scale SSCF trials with recombinant Z. mobilis using
both pure sugars and a conditioned yellow poplar dilute-acid prehydrolyzate (26).

At this meeting last year we demonstrated the cofermentation performance capabilities of recombinant
Zymomonas 39676:pZB4L in long-term continuous fermentations using both a synthetic pure sugar
medium and a conditioned yellow poplar dilute-acid prehydrolyzate medium (27). Because of the
presence of toxic byproducts that are produced during dilute acid-catalyzed hemicellulose hydrolysis,
even conditioned prehydrolyzates tend to be recalcitrant to fermentation. In the work that we reported
last year (27), the selective pressure of the continuous fermentor yielded an “adapted” variant of
39676:pZB4L, which is the subject of the present investigation. The objective of this work is to
describe the physiological characteristics of the prehydrolyzate-adapted recombinant strain in side-by-
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side comparisons with the non-adapted culture in both batch and continuous fermentations. Hence,
this paper represents a sequel to, or a continuation of, the work that was presented at the nineteenth
Symposium last year, and to avoid repetition, this paper relies heavily on the background information
regarding experimental rationale, as well as specific methodologies, that have been described
previously (27).

MATERIALS AnD METHODS

Microorganism Zymomonas mobilis 39676:pZB4L (Z. mobilis host strain ATCC 39676
transformed with a derivative of the pZBS plasmid conferring xylose assimilation and fermentation
capability, as reported by Zhang et al. (10). Cryovials of frozen concentrated stock culture were
maintained in RM medium (10 g/L yeast extract and 2g/KH2P0O4) supplemented 10 mg/L tetracycline
and 15% wiw glycerol at -70°C. Pre-cultures were prepared as described previously (15).

Preparation of inoculum Overnight flask pre-cultures were harvested by centrifugation (16,300
x g for 10min) and the cell pellet resuspended in RM medium without sugar (15) to yield a
concentrated cell suspension that was used to inoculate the batch fermentors. The initial optical density
(OD, 1cm light path at 600nm) was in the range 0.2-0.25 corresponding to 60-75 mg dry cell mass
(DCM) per liter.

Fermentation media The nutrient-rich pure sugar synthetic prehydrolyzate medium used
previously (16) was modified to contain the following ingredients per liter of glass distilled water:
40g xylose; 8 g glucose; 5g Difco Yeast Extract (YE) (Difco Laboratories, Detroit, MI); 3.48g
KH;POy4; 0.8g NH4Cl; 0.5g MgSO4; 0.01g FeSO,4 7H,0; 0.21g citric acid; 20mg tetracycline.
Alternatively, a less expensive pure sugar synthetic prehydrolyzate medium was made with 1%
(v/v) centrifugally clarified corn steep liquor (cCSL)(GPC International, Muscatine, 10) as a
nutrient substitute for YE. Production of the dilute-acid hardwood prehydrolyzate in a pilot-scale
Sunds hydrolyzer, “conditioning” of the prehydrolyzate by overliming, and the preparation of the
prehydrolyzate-containing fermentation medium were as described previously (27). Stock pure

sugar solutions were sterilized separately.

Batch and continuous fermentation equipment

Batch fermentations were conducted with about 1500ml medium in 2L bioreactors (model F2000
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MultiGen, New Brunswick Scientific, Edison, NJ) fitted with agitation (100 RPM), pH, and
temperature control (30°C). Continuous fermentations were performed in 750ml NBS C30
chemostats (27) or alternatively with NBS Bioflo 2000 fermentors (1500ml working volume). The
pH was monitored using a sterilisable combination pH electrode (Ingold). The standard pH control

set-point was 5.75 and the pH was kept constant by the automatic titration with 4N KOH.

Analytical procedures, growth and fermentation parameters

Growth was measured turbidometrically at 600nm (1 cm light path) (Unicam spectrophotometer,
model SP1800). In all cases the blank cuvette contained distilled water. Dry cell mass (DCM) was
determined by microfiltration of an aliquot of culture followed by washing and drying of the filter to
constant weight under an infrared heat lamp. Fermentation media and cell-free spent media were

compositionally analysed by HPLC as described previously (15). The ethanol yield (Ypss) was

calculated as the mass of ethanol produced per mass of sugar consumed. The volumetric ethanol
productivity was determined by dividing the final ethanol concentration by the total batch fermentation
time. Bracketed values for volumetric productivity indicate that sugar utilization was incomplete when
the experiment was terminated. For chemostat cultures, the maximum mass growth yield (ie.

corrected for maintenance) (max Yx/s) was determined as the inverse of the slope in a plot of the
specific sugar utilization rate (qs, g sugar/gDCM/h) as a function of the dilution rate (D, 1/h) where

the y-axis intercept represents the value for the maintenance energy coefficient (me, g sugar/gDCM/h).

RESULTS and DISCUSSION

Generating the “adapted” variant of rec Zm 39676:pZB4L This study focuses on the
fermentation performance of the xylose-utilizing recombinant Z. mobilis in a pH-controlled
continuous flow bioreactor (chemostat) using both synthetic and real hardwood prehydrolyzate. Our
objective was to use the selective pressure provided by the continuous growth environment of the
chemostat to achieve strain improvement by the “adaptation” resulting from the long-term exposure of
the recombinant to incremental increases in the amount of prehydrolyzate in the feed medium. The
selective pressure exerted on an organism within the controlled growth environment of the continuous
flow bioreactor (chemostat) is a powerful research tool for effecting strain improvement through a

process of acclimation or adaptation that takes place during the long-term exposure to gradually
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increasing levels of an inhibitory substance(s).

In the work presented last year on continuous culture studies with rec Zm 39676:pZB4L (27), we
described the initial stages of a long-term chemostat experiment that was intended to generate a
prehydrolyzate-adapted variant of rec Zm 39676:pZB4L. At the beginning of the experiment the CSL-
based medium contained 10% (v/v) dilute acid-catalyzed yellow poplar prehydrolyzate (with pure
sugar supplementation to achieve glucose and xylose levels of 0.8% w/v and 4% w/v, respectively).
These sugar concentrations were selected because they were similar to the concentrations in full
strength hydrolyzate liquors obtained by dilute acid pretreatment of hardwood (yellow poplar)
sawdust (28). Batch fermentations had shown that 30% hydrolyzate significantly inhibited
fermentation performance of the recombinant; however, at the 10% level, performance was not

inhibited (29)

The chemostat culture experiment shown in Figure 1 is a continuation of the experiment illustrated in
Figure 5 of our previous study (27) in which the chemostat was operated at a dilution rate of 0.04/h
for 55 days. Over this period of time the prehydrolyzate concentration had been increased
incrementally from 10% to 35% (v/v) where the final acetic acid concentration was about 0.5% (w/v).
This level of acetic acid is reasonably inhibitory to batch fermentation performance (15). In this study
the continuous culture was continued at a relatively constant dilution rate of 0.03/h for another 94
days and over this period the prehydrolyzate level of the medium was increased from 35 to 50% (v/v)
in 5% (v/v) increments (Fig. 1). The acetic acid concentration increased from 0.5% to about 0.75%
(wtv) (Fig. 1). After 94 days of continuous operation the effluent xylose and ethanol concentrations
were 0.68 and 2.1% (w/v), respectively (Fig. 1). Over the entire time course of the experiment,
glucose was seldom detected in the chemostat effluent (results not shown). This level of ethanol
represents a process ethanol yield (based on sugars available) of 0.44g/g (conversion efficiency of
87% theoretical). The culture that was isolated at the termination of this long-term (149 days)
experiment was designated as the “adapted” variant of rec Zm 39676:pZB4L. This hardwood

prehydrolyzate-adapted strain is the focus of the present comparative physiological assessment.

Comparison of cofermentation performance adapted and non-adapted recombinants
Figure 2 compares the growth and cofermentation performance of rec Zm 39676:pZB4L and adapted

variant in baich fermentation using a pure sugar nutrient-rich synthetic prehydrolyzate medium with




Prehydrolyzate-adapted rec Zm LAWFORD, ROUSSEAU, MOHAGHEGHI and McMILLAN 7

the pH controlled at 5.75. The mineral salts and yeast extract-based (“ZM”) medium contained 4%
(w/v) xylose and 0.8% (w/v) glucose, but no acetic acid. Under this condition, the performance
exhibited by the two strains was remarkably similar (Fig. 2). Although the adapted strain produced a
lower final culture turbidity (Fig. 2A), the final cell mass concentrations were similar (Table 1). One
possible distinguishing feature of the adapted strain revealed in Fig. 2B was the apparent slower rate
of glucose utilization. A separate experiment with glucose as the sole sugar confirmed that an
idiosyncrasy of the adapted strain is a slower growth with, and metabolism of, glucose, as well as a
lower growth yield (Fig. 3). In comparing the time-courses of the batch fermentations shown in
Figures 2 and 3, it is important to note the difference in scale of the x-axes. Under these assay
conditions, any difference between the two strains was not expected since the mediurm did not contain
any inhibitory substances (principally acetic acid) to which the adapted strain might have become less

sensitive.

Comparative cofermentation performance in acetic acid-containing media

Since the adapted strain was isolated from a chemostat that was operating with a feed containing 50%
(v/v) prehydrolyzate (0.75% w/v acetic acid), it seemed reasonable to assume that altered sensitivity to
acetic acid inhibition might be one way to characterise the adapted strain. In a previous study we
documented the acetic acid sensitivity of rec Zm 39676:pZB4L and showed that 0.4% acetic acid
caused a 50% inhibition of growth and cofermentation (16). Using a CSL-based synthetic
prehydrolyzate medium containing 0.4% (w/v) acetic acid, the adapted and non-adapted recombinants
were compared in pH-stat batch fermentations where the pH was controlled at 5.0, 5.5 or 6.0 (Fig.
4). At all three pH values the adapted strain outperformed the non-adapted recombinant with respect to
both growth and xylose fermentation; however, the ethanol yield remained close to theoretical
maximum for both strains independent of the pH (Fig. 4, Table 1). The highest ethanol productivity
(0.61g/L/h) was achieved by the adapted strain at pH 6 (Fig. 4, Table 1).

Figure 5 compares the growth and fermentation performance at pH 6 using the same medium but with
the acetic acid concentration increased to 1% (w/v). At this relatively high level of acetic acid, the
adapted strain achieved a slightly higher cell mass concentration (Fig. 5A); however, the rate of
xylose utilization was significantly faster with the adapted strain relative to the non-adapted strain
(Fig. 5B). For both strains the ethanol yield (based on sugar consumed) was 0.48g/g (conversion

efficiency of 94% theoretical maximum) (Table 1). In the context of rec Zm strain specificity with
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respect to acetic acid sensitivity, it is interesting to note that our previous work with rec Zm
CP4:pZB5 (15) indicates that it possibly rivals the adapted strain in terms of resistance to acetic
inhibition.

Characterisation of centinuous cofermentation with “adapted” recombinant

Figure 6 shows the steady-state concentrations of xylose, ethanol and cell mass as a function of
dilution rate for a chemostat cuiture of the adapted recombinant using a CSL-based pure sugar
synthetic prehydrolyzate medium. The results shown in Figure 6 are very similar to those observed
under the same conditions using the non-adapted recombinant. The similar pattern observed in
continuous cofermentation was expected both from the similar performance behaviour observed in
batch cofermentation and the fact that the medium did not contain any potentially inhibitory
substances. In the context of continuous cofermentations with recombinant Zymomonas, we noted
that in a recent report on performance assessment of rec Zm CP4:pZB35, Rogers et al. (30) stated “in
chemostat culture for 40g/L glucose plus 40g/L xylose medium, that full sugar utilization occurred in
the dilution rate range 0.05-0.06/h with ethanol concentrations close to 40g/L” (p305). This
observation by Rogers et al. (30) is of particular interest since recombinant CP4:pZB5 exhibits more
tolerance to acetic acid (15) than rec Zm 39676:pZB4L (16).

Figure 7 shows a Pirt (31) plot of gg and g versus D for the chemostat culture with the adapted

recombinant. Regression analysis of the specific sugar utilization rate data gives values of 0.033 g/g

and 0.41 g/g-h for max Y x/s and me, respectively (Fig. 7). These values compare to values of 0.042

g/g and 1.13 g/g-h observed previously, under the same conditions, using the non adapted
recombinant {27). As well as being influenced by several environmental factors, these physiological
and bioenergetic parameters are known to be strain specific (27). "Apart from the recent work of

Joachimsthal et al. (25) that showed an increase in m. with increasing amounts of acetate, the

literature is silent on the subject of the effect of acetic acid on the maintenance energy coefficient in

Zymomonas." In this context it is interesting to note that the m. value for an acetate-tolerant ZM4
mutant was determined to be 1.9 g/g-h at pH 5.4 with about 0.9% (w/v) acetic acid (25). This can be
compared to an average value for m, of 1.6 g/g-h for strain ZM4 in the absence of acetate (32). The

lower maintenance coefficient exhibited by the adapted recombinant is interesting and may provide a
clue regarding the mechanism by which this variant is able to tolerate higher levels of acetic acid since

this substance is known to act as an energetic uncoupler (23). Clearly, the mechanism by which the
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adapted recombinant achieves an improved fermentation performance in the presence of acetic acid is
an area for further research.

In a separate study being presented at this meeting, the adapted strain has been used in integrated
bench-scale SSCF experiments with yellow poplar prehydrolyzate and lignocellulosic solids to total
solids loadings of 14% w/v (26). The combined results of these two studies certainly auger well for
the proposed further testing with this biocatalyst at pilot scale. This study provides support for the
contention that long term continuous culture is an effective technique for effecting strain improvement
2.
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Figure Captions

Fig. 1 Adaptation of recombinant Z. mobilis 39676:pZB4L. to overlimed yellow poplar
prehydrolyzate. Experimental details are given in Materials & Methods. This represents a continuation
of the chemostat experiment described in Figure 5 of ref #27.

Fig. 2 Comparative performance of rec Zm 39676:pZB4L and adapted variant in pH-stat batch
fermentation with a pure sugar nutrient-rich synthetic prehydrolyzate medium (A) Growth, and (B)
sugar utilization and ethanol production. The ZM medium contained 4% (w/v} xylose and 0.8% (w/v)
glucose (no acetic acid); the pH was 5.75 and the temperature was 30°C. The values for maximum
dry cell mass concentration, ethanol yield and productivity are given in Table 1

Fig. 3 Comparative performance of rec Zm 39676:pZB4L and adapted variant with glucose as sole
sugar source (A) Growth, and (B) glucose utilization and ethanol production. The ZM medium
contained 4.8% (w/v) glucose (no acetic acid); the pH was 5.75 and the temperature was 30°C. The

values for maximum dry cell mass concentration are shown in panal A

Fig. 4 Effect of 0.4% (w/v) acetic acid on rec Zm 39676:pZB4L. and adapted variant in batch
fermentations as a function of pH (A) Growth, pH 5, (B) sugar utilization and ethanol production,
pH 5, (C) growth, pH 5.5, (D) sugar utilization and ethanol production, pH 5.5, (E) growth, pH 6,

(F) sugar utilization and ethanol production, pH 6. Symbols: O, non-adapted rec Zm; @, adapted

recombinant. The mineral salts medium contained 1% (v/v) clarified CSL with 4% (w/v) xylose and
0.8% (w/v) glucose (Materials & Methods). The values for maximum dry cell mass concentration,
ethanol yield and productivity are given in Table 1

Fig. 5  Effect of 1% (w/v) acetic acid on rec Zm 39676:pZB4L and adapted variant in a CS1-based
pure sugar synthetic prehydrolyzate medium. (A) Growth, (B) sugar utilization and ethanol
production. The medium was the same as described in Fig. 3. The pH was 6 and the temperature was
30°C. The values for maximum dry cell mass concentration, ethanol yield and productivity are given
in Table 1

Fig. 6  Steady-state concentrations of xylose, ethanol and cell mass as a function of dilution rate for
pure sugar continuous cofermentation using “adapted” recombinant Z. mobilis: The medium was the
same as described in Fig. 2. There was no acetic acid in the medium and no glucose was detected in
the chemostat effluent. The pH was 5.75 and the temp. was 30°C.

Fig. 7  Specific rates of sugar utilization and ethanol production by recombinant Z. mobilis as a
function of dilution rate. See Fig. 6 for description of experimental conditions.
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Table 1  Summary of growth and fermentation parameters

Maximum  Maximum  Ethanol Ethanol
pH Acetic acid Cell Mass Ethanol Yield Productivity
% (Wh) (g DCMAL) (gL) (9/9) (g EtOHAL/N)

Non-adapted recombinant

5.75* 0 1.38 23.6 0.48 0.79
5.0 0.4 0.73 24.0 0.49 {0.35)
55 0.4 0.96 24.9 0.50 0.44
6.0 0.4 1.06 242 0.49 0.48
6.0 1.0 0.63 15.8 0.48 (0.22)

“adapted” recombinant

5.75* 0 1.34 23.6 0.48 0.90
5.0 0.4 0.88 24.8 0.50 0.51
5.5 0.4 1.04 24.2 0.50 0.55
6.0 0.4 1.18 24.3 0.49 0.61
6.0 1.0 0.72 21.2 0.48 (0.29)

* The medium was “ZM” with 4% (w/v) xylose and 0.8% (w/v) glucose. All other fermentations were
with 1% (v/v) clarified CSL-based media (see Materials & Methods) with the same sugar
concentrations.

Brackets around values for Ethano! Productivity indicate that xylose utilization was incomplete
when batch fermentation was terminated
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Figure 3
7]
: A 1.90 gDCM/L
6- GROWTH 1.71
~ 51
8 )
.§ ]
2 77
© ]
21
] O 39676:pZB4L
13 ® "Adapted"
' Bl2igh
0 ] M t ' L * ] * 1 LR | ¥ 1 T ¥ ¥
0 2 4 6 8 10 12 14 16

Glucose and Ethanol (% w/hv)




() ouny,
$¢ 05 S¥ OF SE OC ST OZ €1 Ol § 0

W) auny
¢ 05 SF Op St 0f €2 0 SI Ol ¢ O

(W awny,

LAWFORD, ROUSSEAU, MOHAGHEGHI and McMILLAN 16

Prehydrolyzate-adapted rec Zm

SC 08 Sh OF SE Ot ST 0T Sl

[341:]

Q) wmmorn

§§ 0S

1% 4

A adigaal 1 Lasanl

S OF SE O ST 02 SI Ol § 0

scid

G

S Hd

¥ a4nbi4

(dO) ywmoun

aso|fy

o 00 00
$'0 $0
5 w un
r0'l & to'L &
5 g
G Gl
g g
m L0'T m._
5 . B E
Jouey33 m. ST = 6T
3 ot ¥ Lo'e
S ~
< o S o
0y

or

Sy

S

€ 05 Sk oF St

Adebdtis s hadsads ] Las

0t sT 0T ¢§f

TS PV FPUPE |

s 0
wy 00

sl

0

S Hd

£ G'g
L0
E C'Y
L0'S
'S
09

(A/m %) [ouepg pue Jedng

qmoxd

(ao}




Prehydrolyzate-adapted rec Zm LAWFORD, ROUSSEAU, MOHAGHEGHI and McMILLAN 17

Figure 5
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Figure 7
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